Fuzzy sliding mode control of a multi-DOF parallel robot in rehabilitation environment by Liu, Q et al.
This is a repository copy of Fuzzy sliding mode control of a multi-DOF parallel robot in 
rehabilitation environment.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/125850/
Version: Accepted Version
Article:
Liu, Q, Liu, D, Meng, W et al. (2 more authors) (2014) Fuzzy sliding mode control of a 
multi-DOF parallel robot in rehabilitation environment. International Journal of Humanoid 
Robotics, 11 (01). p. 1450004. ISSN 0219-8436 
https://doi.org/10.1142/S0219843614500042
Electronic version of an article published as International Journal of Humanoid Robotics , 
11, 01, 2014, 1450004, 10.1142/S0219843614500042 © World Scientific Publishing 
Company, https://www.worldscientific.com/worldscinet/ijhr
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

)8==<6/,',1*02'(&21752/2)$08/7,'2)3$5$//(/52%27
,15(+$%,/,7$7,21(19,5210(17
48$1/,8'21*/,8Ы :(,0(1*Á=8'(=+28c4,1*621*$,¯
1Key Laboratory of Fiber Optic Sensing Technology and Information Processing, Ministry of Education, 
2School of Information Engineering, Wuhan University of Technology, 122 Luoshi Road, 
Wuhan, 430070, China 
quanliu@whut.edu.cn
Ы liudong0552@163.com 
Áweimeng@whut.edu.cn 
c
zudezhou@whut.edu.cn 
¯
qingsongai@whut.edu.cn 
5HFHLYHG$XJXVW
$FFHSWHG'HFHPEHU
0XOWL'2) GHJUHHV RI IUHHGRP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)60&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ZKHUHDIX]]\ ORJLFV\VWHPZDVXVHGDV WKHDGGLWLRQDOFRPSHQVDWRU WR WKHVOLGLQJPRGHFRQWUROOHU
60&IRUSHUIRUPDQFHHQKDQFHPHQWDQGFKDWWHULQJHOLPLQDWLRQ7KHV\VWHPVWDELOLW\LVJXDUDQWHHG
E\WKH/\DSXQRYVWDELOLW\WKHRUHP([SHULPHQWVZHUHFRQGXFWHGRQDORZHUOLPEUHKDELOLWDWLRQURERW
ZKLFK ZDV EXLOW EDVHG RQ NLQHPDWLFV DQG G\QDPLFV DQDO\VLV RI WKH '2) 6WHZDUW SODWIRUP 7KH
H[SHULPHQWDOUHVXOWVVKRZHGWKDWWKHSRVLWLRQWUDFNLQJSUHFLVLRQRIWKHSURSRVHG)60&LVVXIILFLHQW
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DUHD ZKHUH PHGLFLQH WHFKQRORJLHV DUH FRPELQHG ZLWK WKH ELRPHFKDQLFV PHFKDQLFV
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HOHFWURQLFV DQG URERWLFV HWF ,WKDVEHFRPHDQRXWVWDQGLQJ ILHOG WKDW DWWUDFWVPRUHDQG
PRUHDWWHQWLRQVUHFHQWO\
5HKDELOLWDWLRQURERWVDUHDIUHTXHQWWRSLFRIGLVFXVVLRQZKHQSHRSOHWU\WRILQGRXWDQ
HIIHFWLYHDSSURDFK WRDVVLVW WKHGLVDEOHGRUROGHURQHV(VSHFLDOO\ LQUHFHQW\HDUVVRPH
LQVWLWXWLRQVKDYHGHYHORSHGYDULRXV UHKDELOLWDWLRQ URERWV LQFOXGLQJ WKRVH IRUERWKXSSHU
DQGORZHUOLPEV0HDQZKLOH LWKDVEHHQZLGHO\DFFHSWDEOH WKDWDURERWDVVLVWHGV\VWHP
IROORZVDEDVLFSULQFLSOHRINHHSLQJ LWVVWUXFWXUHVLPSOH OLJKWZHLJKWDVZHOODVHDV\ WR
FRQWURO+RZHYHUFXUUHQWORZHUOLPEUHKDELOLWDWLRQSURGXFWVLQWKHPDUNHWWHQGWRKDYHD
UHODWLYHO\VLQJOHIXQFWLRQDQGOLPLWHGDSSOLFDWLRQUDQJH$OWKRXJKWKHH[LVWLQJURERWVDUH
DEOH WR SURYLGH SDWLHQWV ZLWK PXOWL'2) DX[LOLDU\ D PDMRULW\ RI WKHP DUH GHVLJQHG
ZLWKRXWJXLGDQFHRIPHGLFDO WKHRULHV$VDUHVXOWQRWDOORI WKHURERWV¶PRYHPHQWVFDQ
DFFXUDWHO\ IROORZ WKH ERG\ PRWLRQ ODZ )XUWKHUPRUH PRVW WUDGLWLRQDO UHKDELOLWDWLRQ
URERWV DUH VHULDO URERWV ZHDUDEOH URERWV RU WKH H[RVNHOHWRQV 7KH LQYHUVH NLQHPDWLF
VROXWLRQVRIWKHVHURERWVDUHFRPSOLFDWHGZKLFKDUHQRWHDV\WRFRQWURO,QDGGLWLRQGXH
WRWKHLQIOH[LEOHPHFKDQLFDOPHFKDQLVPH[RVNHOHWRQURERWVKDYHIL[HGVWUXFWXUHZLWKRXW
PRYHPHQW UDQJH DQG H[SDQVLELOLW\ 7KLV SUREOHP LV SDUWLFXODUO\ HYLGHQW LQ WKH ORZHU
H[WUHPLW\ UHKDELOLWDWLRQEHFDXVH WKHPRYHPHQWRI ORZHU OLPE LVPRUHFRPSOLFDWHG2Q
WKH RWKHU KDQG GXH WR DGYDQWDJHV RI LWV VXSHULRU VWLIIQHVV FRPSDFW VWUXFWXUH DQG
RSHUDWLRQ DFFXUDF\ WKH SDUDOOHO SODWIRUP KDV EHHQ ZLGHO\ XVHG DV WKH FDUULHU RI IOLJKW
VLPXODWRUVDQGWHOHVFRSHV,WLVUHDVRQDEOHWKDWWKHSDUDOOHOURERWVKDYHIXOOFDSDELOLW\RI
SURGXFLQJ D IHDVLEOH VROXWLRQ IRU UHKDELOLWDWLRQ ZLWK VLPSOH VWUXFWXUH DQG VXSHULRU
DGDSWDELOLW\HQDEOLQJWKHWUDLQLQJWREHDGMXVWDEOHWRGLIIHUHQWSDWLHQWV
7KH6WHZDUWSODWIRUPLVDNLQGRIW\SLFDOSDUDOOHOURERWZLWK'2)$VDPXOWLLQSXW
PXOWLRXWSXW0,02DQGQRQOLQHDUV\VWHPWKHSDUDOOHOURERW¶VSRVLWLRQDQGRULHQWDWLRQ
DUH WKH UHVXOWV RI VL[ DFWXDWRUV¶ LQWHUDFWLRQ DQG FRRUGLQDWLRQ ,Q RUGHU WR LPSURYH WKH
WUDMHFWRU\WUDFNLQJSHUIRUPDQFHPDQ\LQWHOOLJHQWFRQWUROPHWKRGVIRUSDUDOOHOURERWVKDYH
EHHQ SURSRVHG 6OLGLQJ PRGH FRQWURO 60& LV RQH RI WKH HIIHFWLYH QRQOLQHDU UREXVW
FRQWURODSSURDFKHV6LQFHLWLVDEOHWRSURYLGHWKHV\VWHPZLWKDQLQYDULDQFHSURSHUW\WR
XQFHUWDLQWLHVRQFH WKHV\VWHPLVFRQWUROOHG LQ WKHVOLGLQJPRGH+RZHYHUQRWLFH WKDW
WKHFRQWURO ODZVDWLVI\LQJVOLGLQJFRQGLWLRQKDVKLJKIUHTXHQF\RVFLOODWLRQVZKHQDFURVV
WKHVOLGLQJVXUIDFHZKLFKLVGHILQHGDVFKDWWHULQJ6HYHUDOFKDWWHULQJUHGXFWLRQPHWKRGV
KDYHEHHQUHSRUWHG7KHVHDSSURDFKHVKRZHYHUSURYLGHQRJXDUDQWHHRIFRQYHUJHQFH
WRWKHVOLGLQJPRGHDQGLQYROYHDWUDGHRIIEHWZHHQFKDWWHULQJDQGUREXVWQHVV'XHWRLWV
LQKHUHQWDGYDQWDJHVRIJRRGUREXVWQHVVDQGQRQOLQHDUFKDUDFWHULVWLFVIX]]\PHWKRGLVD
SRWHQWLDOO\ HIIHFWLYH DSSURDFK WR FRQWURO REMHFWLYHV ZLWK WLPHYDU\LQJ DQG QRQOLQHDU
SDUDPHWHUV %\ FRPELQLQJ WKH DWWUDFWLYH IHDWXUHV RI IX]]\ ORJLF V\VWHP ZLWK 60& WKH
FRQWUROOHUFDQFRSHZHOOZLWKVHYHUHXQFHUWDLQWLHVZLWKRXWVDFULILFLQJUREXVWSHUIRUPDQFH
'XULQJ WKH WUDLQLQJSURFHVV WKH UHKDELOLWDWLRQ URERWLF V\VWHP PD\ EHFRPH XQVWDEOH
GXHWRWKHXQFHUWDLQYDULDWLRQVRIWKHV\VWHPORDGVDQGG\QDPLFSDUDPHWHUVZKLFKPD\
OHDGWRSDWLHQW¶VVHFRQGDU\LQMXU\7KHUHIRUHLWLVRIJUHDWVLJQLILFDQFHWRPDLQWDLQWKH
WUDMHFWRU\ WUDFNLQJDFFXUDF\DQGVWDELOLW\IRUPHGLFDOSXUSRVH1RZDGD\VDPDMRULW\RI
UHVHDUFKRQSDUDOOHOURERWFRQWURODOJRULWKPLVSURSRVHGEDVHGRQWKHRUHWLFDODQDO\VLVRU
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WKH WDUJHWXVHUV(VSHFLDOO\ LQUHFHQW\HDUVYDULRXVUHKDELOLWDWLRQURERWV LQFOXGLQJ WKRVH
IRUERWKXSSHUDQGORZHUOLPEVKDYHEHHQGHYHORSHGE\PDQ\LQVWLWXWLRQV,QWHUPVRI
ORZHU OLPE UHKDELOLWDWLRQ WKH/RNRPDW LV D W\SLFDO WUDLQLQJ URERWZKLFK LVGHVLJQHG LQ
6ZLW]HUODQG WR KHOS WKH VSLQH GDPDJHG RU VWURNH SDWLHQWV UHFRYHU WKHLU ORZHU OLPEV¶
IXQFWLRQ E\ XVLQJ WKH ZHLJKW VXSSRUW DQG UHSHDWHG WUDLQLQJ PHWKRGV 0RUHRYHU WKH
5XWJHUV$QNOHGHYHORSHGE\5XWJHUV8QLYHUVLW\ LVDQDQNOHUHKDELOLWDWLRQV\VWHPEDVHG
RQWKH6WHZDUWSODWIRUP7KHV\VWHPFRQVLVWVRIF\OLQGHUVSRVLWLRQVHQVRUVDQGDIRUFH
VHQVRUZKHUHDQHPEHGGHGFRPSXWHULVXVHGDVWKHFRQWUROOHU$QRWKHUH[DPSOHRIORZHU
OLPE UHKDELOLWDWLRQ URERW LV WKH +$/ LQ -DSDQ WKDW FDQ LPSOHPHQW DFWLYH FRQWURO IURP
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HIIHFWRUURERWV7KHH[RVNHOHWRQURERWVXVXDOO\KDYHWREHIL[HGWR WKHSDWLHQW¶VERG\
DQG SRVH IRUFHWRUTXH RQ GLIIHUHQW SDUWV RI WKH ERG\ VLPXOWDQHRXVO\ +RZHYHU VXFK
URERWVZRXOGEHQRWQHFHVVDULO\JRRGIRUIXQFWLRQDOUHKDELOLWDWLRQRISDWLHQWVGXHWRWKHLU
GUDZEDFNVRILQIHULRUDGDSWDELOLW\WRGLYHUVHSDWLHQWVDQGWKHGHVLJQRIH[RVNHOHWRQVDOVR
LVYHU\H[SHQVLYHDQG WLPHFRQVXPLQJ2QWKHFRQWUDU\ WKHHQGHIIHFWRU URERWVXVXDOO\
FRQWDFWZLWKWKHSDWLHQWERG\DWDFHUWDLQSRLQWVXFKDVWKHIRRWPDNLQJWKLVNLQGRIURERW
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URERWVDUHPRUHDGDSWDEOHWRGLIIHUHQWSDWLHQWV)RUH[DPSOHW\SLFDOH[RVNHOHWRQVLQFOXGH
/RNRPDW+$/DQGWKHHQGHIIHFWRUVFRQVLVWRI0,70DQXV0,0(*HQWOHVHWF
3DUDOOHO URERW D W\SLFDO FODVV RI HQGHIIHFWRU URERWV LV D SURPLVLQJ FDQGLGDWH IRU
PHGLFDOUHKDELOLWDWLRQGHYLFHV$FWXDOO\GXHWRWKHFRPSDFWVWUXFWXUHDQGKLJKRSHUDWLRQ
DFFXUDF\WKHUHKDVEHHQDJURZLQJWUHQGWKDWSDUDOOHOURERWVFDQEHXVHGIRUORZHUOLPE
UHKDELOLWDWLRQ;LHHWDOSURSRVHGDD[LVUHGXQGDQWSDUDOOHOURERWEDVHGRQWKHPRGHOLQJ
DQGNLQHPDWLFVRIDQNOHDQDWRP\+HVVHHWDOGHVLJQHGDYLUWXDO UHDOLW\EDVHG'2)
IRRW PRWLRQ VLPXODWLRQ FDOOHG +DSWLF :DONHU ZKLFK DOORZHG WKH IRRW WR IROORZ DQ
DUELWUDU\ WUDMHFWRU\ DQG RULHQWDWLRQ =KX HW DO SURSRVHG D QHZ SDUDOOHO UHKDELOLWDWLRQ
URERWEDVHGRQ WKHZRUNVSDFHDQGNLQHPDWLFDO VLPXODWLRQ7KH8QLYHUVLW\RI$XFNODQG
GHVLJQHGD'2)IOH[LEOHSDUDOOHOURERWWRSHUIRUPWKHORQJERQHVXUJHU\0RUHRYHU
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EHHQ XVHG LQ WKH UHDO HQYLURQPHQW DOORZLQJ WKH SDWLHQW¶V DQNOH PRYH LQ VL[ GHJUHHV RI
IUHHGRPDQGWKURXJKRXWWKHDQNOH¶VIXOOUDQJHRIPRWLRQ
:KHQURERWLQWHUDFWVZLWKSDWLHQWVLQDUHKDELOLWDWLRQHQYLURQPHQWORDGGLVWXUEDQFHV
DUH WKHPDLQ H[WHUQDO GLVWXUEDQFHVRI WKHSDUDOOHO URERWV DQG DOZD\V LPSDFWRQ V\VWHP
SHUIRUPDQFHJUHDWO\,QRUGHUWRLPSURYHWKHWUDMHFWRU\WUDFNLQJSHUIRUPDQFHRISDUDOOHO
URERWVPDQ\ LQWHOOLJHQW FRQWUROPHWKRGVKDYHEHHQSURSRVHG1HXUDOQHWZRUNPHWKRGV
KDYHIHDWXUHVRI IDXOW WROHUDQFHDGDSWDELOLW\DQGVHOIOHDUQLQJDELOLW\DQG WKHFRQWUROOHU
GRHVQRWUHTXLUHDFFXUDWHPDWKHPDWLFDOPRGHORIWKHURERW7KHFXUUHQWQHXUDOQHWZRUNV
WHQG WR EH UHDOL]HG EDVHG RQ VLPSOLILHG URERW PRGHO DQG UHGXFH WKH FRXSOLQJ HIIHFWV
EHWZHHQEUDQFKHVE\FRPELQLQJWKHPZLWKIX]]\RUDGDSWLYHFRQWUROPHWKRGV+RZHYHU
LW LVGLIILFXOW WRHVWDEOLVKWKHSUHFLVHIX]]\UXOHVRIWKHZKROHFRQWUROV\VWHPHVSHFLDOO\
WKH FRPSOH[ V\VWHP VXFK DV SDUDOOHO URERWV $QG IXUWKHUPRUH IX]]\ PHWKRG PXVW EH
FRPELQHGZLWKRWKHUFRQWUROVWUDWHJLHVLQRUGHUWRRYHUFRPHWKHVKRUWFRPLQJVRILWVRZQ
:XHWDOHVWDEOLVKHGDG\QDPLFPRGHORIWKH6WHZDUWSODWIRUPDQGGHVLJQHGDQHZW\SH
IX]]\ DGDSWLYH FRQWUROOHU EDVHG RQ FRPSXWHG WRUTXH PHWKRG WR RYHUFRPH WKH DGYHUVH
HIIHFWV FDXVHG E\ SDUDPHWHU YDULDWLRQV DQG GLVWXUEDQFHV 6LQFH WKHVHPHWKRGVZLOO EH
JUHDWO\LPSDFWHGE\WKHFRQWUROUHVSRQVHDQGWKHURERWPRGHOLQJLQGHSHQGHQWIDFWRUVVR
WKHUHLVDFHUWDLQUHVWULFWLRQZKHQSXWWLQJWKHPLQWRSUDFWLFDODSSOLFDWLRQV
6OLGLQJPRGHFRQWURO60&LVRQHRIWKHHIIHFWLYHQRQOLQHDUUREXVWFRQWUROPHWKRGV
6LQFHLWLVDEOHWRSURYLGHWKHV\VWHPZLWKDQLQYDULDQFHSURSHUW\WRXQFHUWDLQWLHVRQFHWKH
V\VWHPG\QDPLFVDUHFRQWUROOHG LQ WKHVOLGLQJPRGHVXUIDFH.LPDQG/HHSURSRVHGD
VOLGLQJ PRGH PHWKRG WR DFKLHYH KLJKVSHHG WUDMHFWRU\ WUDFNLQJ FRQWURO RI WKH 6WHZDUW
SODWIRUP PDQLSXODWRU DQGXWLOL]HG WKH '63V WR VROYH WKHG\QDPLFV RQOLQH FRPSXWDWLRQ
SUREOHPV +RZHYHU WKH FRPSOHWH G\QDPLFV PRGHO RI '2) SDUDOOHO URERW LV YHU\
FRPSOLFDWHG VR WKH UHDOWLPHFRPSXWDWLRQ LVGLIILFXOW WRDFKLHYHHYHQXVLQJKLJKVSHHG
'63V:XSUHVHQWHG DQRQOLQHDU DGDSWLYH VOLGLQJ PRGH FRQWUROOHU IRU D VL[ '2) IOLJKW
VLPXODWRUZKHUHWKHDGDSWLYHFRQWUROOHUZDVXWLOL]HGWRLGHQWLI\WKHFRQVWDQWSDUDPHWHUV
ZKLOHWKHVOLGLQJPRGHXQLWLVXVHGWRGHDOZLWKWLPHYDU\LQJXQFHUWDLQSDUDPHWHUV0DQ\
H[SHULPHQWDOUHVXOWVKDYHVKRZQWKDW60&KDVVLJQLILFDQWO\LPSURYHGWKHDFFXUDF\DQG
DFKLHYHGEHWWHUSHUIRUPDQFHVFRPSDULQJZLWKWKHWUDGLWLRQDOFRQWUROOHUV+RZHYHULWLV
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QRWLFHG WKDW WKHFRQWURO ODZVDWLVI\LQJ VOLGLQJFRQGLWLRQKDVKLJK IUHTXHQF\RVFLOODWLRQV
ZKHQDFURVVWKHVOLGLQJVXUIDFHZKLFKLVGHILQHGDVFKDWWHULQJ&KDWWHULQJLVDQXQGHVLUHG
SKHQRPHQRQDQGRQHRI WKRVHFKDWWHULQJUHGXFWLRQDSSURDFKHVSODFHVDERXQGDU\OD\HU
DURXQGWKHVXUIDFHVXFKWKDWWKHUHOD\FRQWUROLVUHSODFHGE\DVDWXUDWLRQIXQFWLRQ
7KH XWLOL]DWLRQ RI VDWXUDWLRQ IXQFWLRQ FDQ UHGXFH WKH FKDWWHULQJ WR VRPH H[WHQW EXW
WKLV PHWKRG EULQJV REYLRXV GUDZEDFNV 2Q RQH KDQG LW LV GLIILFXOW WR GHWHUPLQH WKH
SDUDPHWHUVRIVDWXUDWLRQIXQFWLRQVRQWKHRWKHUKDQGWKLVDSSURDFKZLOOLQHYLWDEO\DIIHFW
WKH DFFXUDF\ DQG VWDELOLW\ RI VOLGLQJ PRGH FRQWUROOHU *DR HW DO SURSRVHG D FKDWWHULQJ
UHGXFWLRQPHWKRGE\LQWURGXFLQJWKHFRQFHSWRIUHDFKLQJODZPHWKRG:DQJHWDOIXUWKHU
GHYHORSHG WKLV WKHRU\E\XVLQJGLVFUHWHUHDFKLQJ ODZDQGSUHVHQWHGDSUDFWLFDOGLVFUHWH
YDULDEOH VWUXFWXUH FRQWUROOHU IRU SDUDOOHO URERW WUDMHFWRU\ FRQWURO 3L HW DO SURSRVHG D
VOLGLQJ PRGH FRQWUROOHU EDVHG RQ VXFFHVVLYH DSSUR[LPDWLRQ PHWKRG DQG IX]]\ UXOHV WR
VROYHWKHWUDMHFWRU\WUDFNLQJFRQWUROSUREOHPRI'2)SDUDOOHOURERWXQGHUFRQGLWLRQVRI
ORDGGLVWXUEDQFHV7KHVHDSSURDFKHVKRZHYHUSURYLGHQRJXDUDQWHHRIFRQYHUJHQFHWR
WKH VOLGLQJ PRGH VXUIDFH DQG LQYROYH D WUDGHRII EHWZHHQFKDWWHULQJ DQG UREXVWQHVV 7R
WDFNOHWKHVHGLIILFXOWLHVIX]]\60&)60&KDVDOVREHHQXVHGIRUWKLVSXUSRVHZKLFKLV
VKRZQWREHTXLWHHIIHFWLYH)X]]\DGDSWLYHPHWKRGKDVEHHQDQDFWLYHUHVHDUFKWRSLFLQ
DXWRPDWLRQDQGFRQWUROIRULWVLQKHUHQWDGYDQWDJHVRIEHLQJLQGHSHQGHQWRQPDWKHPDWLFDO
PRGHODVZHOODVSRVVHVVLQJJRRGUREXVWQHVVDQGQRQOLQHDUFKDUDFWHULVWLFV
.D\QDN HW DO SUHVHQWHG D WKRURXJK VXUYH\ RQ KRZ FRPSXWDWLRQDOO\ LQWHOOLJHQW
V\VWHPV FDQ EH LQFRUSRUDWHG LQ WKH 60&V WR LPSURYH WKHLU SHUIRUPDQFH LQ SUDFWLFDO
LPSOHPHQWDWLRQV7KHXVHRIVOLGLQJPRGHV\VWHPLQGHVLJQDQGVWDELOLW\DQDO\VLVRIIX]]\
FRQWUROOHUVZDVDOVRGLVFXVVHG7KHLQWHJUDWLRQRIWKHIX]]\ORJLFV\VWHPLQDQ60&FDQ
EHIRXQGLQPDQ\H[DPSOHV$PHUHWDODGRSWHGDQDGDSWLYHIX]]\VOLGLQJPRGHFRQWURO
DSSURDFK ZLWK D 3,' VOLGLQJ VXUIDFH LQ WKH VLPXODWLRQ RI D '2) URERW PDQLSXODWRU
ZKHUHWKHRXWSXWJDLQRIWKHIX]]\VOLGLQJPRGHFRQWUROZDVWXQHGE\DVXSHUYLVRU\IX]]\
V\VWHP $Q DGDSWLYH WHUPLQDO VOLGLQJ PRGH FRQWUROOHU IRU D URERWLF V\VWHP XVLQJ IX]]\
ZDYHOHWQHWZRUNVZDVSUHVHQWHGE\/LQHWDO LQZKLFKWKHSDUDPHWHUVRIGLODWLRQDQG
WUDQVODWLRQRIIX]]\ZDYHOHWEDVLVIXQFWLRQVDQGZHLJKWVPXVWDOVREHRQOLQHWXQHG7KH
FRPELQDWLRQ RI IX]]\ FRQWURO DQG 60& DSSURDFK KDV JDLQHG JUHDW LQWHUHVWV DQG PXFK
UHVHDUFK KDV EHHQ GRQH +RZHYHU DPRQJ UHVHDUFKHV RQ DGDSWLYH IX]]\ VOLGLQJ PRGH
FRQWURORQO\DIHZFRQVLGHUWKHFRPSXWDWLRQDOUHTXLUHPHQWDQGUHDOWLPHFKDUDFWHULVWLFV
RI WKH FRQWURO DOJRULWKP 7R DGGUHVV WKLV SUREOHP 4L HW DO GHVLJQHG D IX]]\ VOLGLQJ
PRGHFRQWUROOHUWRUHGXFHWKHFKDWWHULQJLQWUDMHFWRU\WUDFNLQJRID'2)SDUDOOHOURERW
RQHRIWKHPDLQFRQWULEXWLRQVRIZKLFKLVPDNLQJWKHGHVLJQVLPSOHDQGOHVVIX]]\UXOHV
UHTXLUHG)XUWKHUPRUHDPRGHOIUHHUHIHUHQFHDGDSWLYHIX]]\VOLGLQJPRGHFRQWUROOHUZDV
SURSRVHG WR FRQWURO D '2) URERW E\ &KLRX HW DO ZKHUH DERXQGDU\ OD\HU IXQFWLRQ
ZDV LQWURGXFHG WR HOLPLQDWH WKH FKDWWHULQJ DQG WKH UXOHVQXPEHURI)/& LV UHGXFHG E\
XVLQJWKHILOWHUHUURUVLQVWHDGRIWKHVWDWHYDULDEOHV
,Q SUDFWLFDO DSSOLFDWLRQV WKH FRQWUROOHUV KDYH WR GHDO ZLWK FRPSOH[ V\VWHPV ZKLFK
PD\KDYHPXOWLSOHYDULDEOHVDQGSDUDPHWHUVZLWKQRQOLQHDUFRXSOLQJ7KHFRQYHQWLRQDO
DSSURDFKHVEDVHGRQDQDO\WLFDODQGHPXODWLRQDO WHFKQLTXHVFDQSURYH WREH LQDGHTXDWH
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 

ZKLFKLVSHUKDSVWRRLQIOH[LEOHRUWRRFRPSOLFDWHGWRFRSHZLWKWKHVSHFLDOUHTXLUHPHQWV
RIWKHUHDOZRUOGV\VWHPV&KRXHWDOSURSRVHGDGLJLWDOVLJQDOSURFHVVRU'63EDVHG
FRPSOHPHQWDU\ VOLGLQJ PRGH FRQWURO ZLWK IX]]\ QHXUDO QHWZRUN FRPSHQVDWRU IRU WKH
FRQWURO RI D GXDO OLQHDU PRWRU VHUYR V\VWHP ,Q 5HI  D VOLGLQJ PRGH FRQWURO ZLWK
GLVFRQWLQXRXVDGDSWDWLRQODZZDVSURSRVHGWRLPSURYHWKHWUDFNLQJSHUIRUPDQFHRID
'2)K\GUDXOLFSDUDOOHOURERWZKHUHWKHORDGGLVWXUEDQFHVDUHGLUHFWO\PHDVXUHGE\IRUFH
VHQVRUV :KHQ GHDOLQJ ZLWK VXFK V\VWHPV LW KDV WR IDFH D FHUWDLQ GHJUHH RI WROHUDWH
LPSUHFLVLRQEHFDXVHLQWKLVFRQWH[WWU\LQJWRLQFUHDVHSUHFLVLRQFDQEHYHU\FRVWO\)RU
LQVWDQFHDFDVFDGHFRQWURODOJRULWKPEDVHGRQVOLGLQJPRGHZDVSURSRVHGE\*XRHWDO
WR UHDOL]H WKH WUDMHFWRU\ WUDFNLQJFRQWURORIDK\GUDXOLFDOO\GULYHQ'2)SDUDOOHO URERW
PDQLSXODWRUDQGERWKPHFKDQLFDODQGK\GUDXOLFG\QDPLFVRIWKHPDQLSXODWRUZHUHWDNHQ
LQWR DFFRXQW +RZHYHU WKH FRQWURO ORRSV ZHUH FRPSRVHG RI VHYHUDO SDUWV ZLWK KHDY\
FRPSXWDWLRQEXUGHQDQGWKXVWKHUHLVDQREYLRXVWLPHGHOD\LQWKHSRVLWLRQFRQWUROUHVXOWV
,Q DGGLWLRQ (UEDWXU HW DO SURSRVHG WKH FRPELQDWLRQ RI DGDSWLYH IX]]\ V\VWHPV ZLWK
60&VWRVROYHWKHFKDWWHULQJSUREOHPZKHUHRQOLQHWXQLQJRISDUDPHWHUVE\IX]]\UXOHV
ZDVFDUULHGRXW IRU WKH60&DQG WKHPHWKRG LV WHVWHGRQDGLUHFWGULYHURERW$IX]]\
ORJLFV\VWHPFDQXWLOL]HWKHTXDOLWDWLYHNQRZOHGJHIRUGHVLJQLQJDSUDFWLFDOFRQWUROOHU%\
FRPELQLQJWKHDWWUDFWLYHIHDWXUHVRIIX]]\FRQWUROZLWK60&WKHFRQWUROOHUFDQFRSHZHOO
ZLWKVHYHUHXQFHUWDLQWLHVLQUHKDELOLWDWLRQZLWKRXWVDFULILFLQJWKHUREXVWSHUIRUPDQFH
0RGHOLQJRIWKH5RERW.LQHPDWLFVDQG'\QDPLFV
7KH6WHZDUWSODWIRUPLVDFODVVRISDUDOOHOURERWV7KHPRGHORID'2)SDUDOOHOURERWLV
VKRZQLQ)LJZKLFKFRQVLVWVRIDPRELOHXSSHUSODWIRUPDIL[HGEDVHSODWIRUPDQG
VHYHUDO DFWXDWRUV7KHUH DUH WZR VFKHPHV IRU FRQWUROOLQJ VXFKSDUDOOHO URERWV RQH LV WR
GHVLJQ D FRQWURO LQ WKH &DUWHVLDQ VSDFH DQG WKH RWKHU LV LQ WKH MRLQW VSDFH 7KH FRQWURO
EDVHGRQWKHZRUNVSDFHFRRUGLQDWHVQHHGVD'2)VHQVRUWRPHDVXUHWKHGLVSODFHPHQW
RUYHORFLW\RIWKHPRELOHSODWH2WKHUZLVHLWQHHGVIRUZDUGNLQHPDWLFVFRPPDQGVZKLFK
UHO\RQWKHQXPHULFDOPHWKRGRUWKHREVHUYHUGHVLJQWRHVWLPDWHWKHSODWHPRYHPHQW,WLV
ZHOO NQRZQ WKDW WKH IRUZDUG NLQHPDWLFV RI D SDUDOOHO PDQLSXODWRU KDYH DOZD\V EHHQ D
GLIILFXOWDQGFKDOOHQJLQJSUREOHP2QWKHFRQWUDU\WKHMRLQWVSDFHFRQWUROLVUHODWLYHO\
FRQYHQWLRQDO,W LVDNLQGRIWUDFNLQJFRQWUROWRIROORZWKHGHVLUHGOLQNOHQJWKFRPSXWHG
IURP WKH SRVLWLRQ FRPPDQG E\ LQYHUVH NLQHPDWLFV +HQFH LW LV UHODWLYHO\ HDVLHU WKDQ
FRQWUROLQ&DUWHVLDQVSDFH7KHNLQHPDWLFVSUREOHPVRIWKHSDUDOOHOURERWFDQEHGLYLGHG
LQWR WKH LQYHUVHNLQHPDWLFV DQG WKH IRUZDUGNLQHPDWLFV*LYHQ WKHGHVLUHG WUDQVODWLRQDO
DQG URWDWLRQDO PRWLRQ RI WKH XSSHU SODWIRUP LH WKH HIIHFWRU WKH LQYHUVH NLQHPDWLFV
FRXOG EH XVHG WR WUDQVIRUP WKH GHVLUHG WUDMHFWRU\ LQWR WKH GLVSODFHPHQW RI LQGLYLGXDO
DFWXDWRUV7KXVZHFDQFRQWUROWKHUHVSHFWLYHMRLQWVLQVWHDGRIWKHPRYLQJSODWIRUP7KH
JHRPHWULFPRGHORIWKH6WHZDUWSODWIRUPDQGLWVYHFWRUGLDJUDPFDQEHVHHQLQ)LJE
ZKHUHWKHUDGLXVRIWKHXSSHUSODWIRUPLVGHILQHGDVrbDQGWKHDQJOHLVș2OLNHZLVHWKH
SDUDPHWHUVRIWKHIL[HGSODWIRUPDUHGHILQHGDVraDQGș1UHVSHFWLYHO\
)LJ0RGHORID'2)SDUDOOHOURERWD0HFKDQLFDOVWUXFWXUHE*HRPHWULFPRGHOF9HFWRUGLDJUDP
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)LJFVKRZVWKHFRRUGLQDWHVRI WKHSODWIRUP3RVLWLRQVRI WKHEDVHDQGWKHXSSHU
SODWIRUPDUHXQLTXHO\GHILQHGE\WKHFRRUGLQDWHVRIWKHVL[MRLQWV7KHYHFWRUBi GHVFULEHV
WKH SRVLWLRQV RI  YHUWLFHV ZLWK UHVSHFW WR IUDPH RI ^B` ZKLFK LV IL[HG RQ WKH XSSHU
SODWIRUP9HFWRUAiGHVFULEHVWKHSRVLWLRQVRIYHUWLFHVZLWKUHVSHFWWRWKHIUDPHRI^A`
ZKLFK LV IL[HG RQ WKH EDVH SODWIRUP 'HILQH WKH YHFWRU >      @x y z D E J DV WKH VL[
YDULDEOHVWRGHVFULEHWKHWUDQVODWLRQDQGRULHQWDWLRQRIWKHXSSHUSODWIRUP$QGOHW R DQG
CpUHSUHVHQWWKHURWDWLRQDOWUDQVIRUPDWLRQPDWUL[DQGWKHWUDQVODWLRQYHFWRUUHVSHFWLYHO\

FRV FRV VLQ VLQ VLQ FRV VLQ VLQ FRV VLQ FRV
FRV VLQ FRV VLQ VLQ VLQ VLQ FRV FRV VLQ VLQ
VLQ VLQ FRV FRV
cos
R cos
cos
E J D J D E J D J D E J
E J D J D E J D J D E J
E D E D E
  ª º« »   « »« »¬ ¼
 
 > @TC x y z p   
7KHYHFWRU
iL DQGWKHOHQJWK il ZKLFKFRUUHVSRQGWROHJiFDQEHGHULYHGDV
    p i iL C RB A i    "i     i il L i  "  
7KHG\QDPLFPRGHORIDSDUDOOHOURERWFDQEHUHJDUGHGDVWKHPRWLRQHTXDWLRQRIWKH
URERWLF PHFKDQLFDO V\VWHP ,W UHSUHVHQWV WKH UHODWLRQVKLS EHWZHHQ WKH GULYLQJ IRUFH RU
WRUTXHDQGWKHYDULDEOHVRIHDFKDFWXDWRU7KHG\QDPLFHTXDWLRQVFDQEHHVWDEOLVKHGLQD
YDULHW\ RI ZD\V ZKHUHDV WKH /DJUDQJH PHWKRG RQO\ QHHGV WR FDOFXODWH NLQHWLF DQG
SRWHQWLDOHQHUJ\RI WKHURERWLFVV\VWHP$VVXPLQJWKHPRYLQJSODWIRUPLVDULJLGERG\
DQGLJQRULQJWKHIULFWLRQVRIMRLQWV WKH/DJUDQJHPHWKRGLVXVHGWRHVWDEOLVKDG\QDPLF
PRGHORIWKHSDUDOOHOSODWIRUP7KHG\QDPLFVRIWKHSODWIRUPLVREWDLQHGDVIROORZV
        eM X X C X X X G X F F              eM q q C q q q G q W W       
:KHUH X UHSUHVHQWVWKH&DUWHVLDQFRRUGLQDWHYHFWRU q WKHMRLQWVSDFHYHFWRUW WKH
IRUFH YHFWRU LQ -RLQW VSDFH F WKH IRUFH YHFWRU LQ WDVN VSDFH  M q WKH n nu LQHUWLD
PDWUL[   C q q WKH n nu &RULROLVFHQWULIXJDO FRHIILFLHQW PDWUL[ DQG  G q WKH n u 
JUDYLW\ YHFWRU 7KH UHODWLRQVKLS EHWZHHQ WKH IRUFH LQ ZRUNVSDFH DQG WKH MRLQW VSDFH
WRUTXH FDQ EH HVWDEOLVKHG E\ XVLQJ -DFREL PDWUL[ 7KXV WKH G\QDPLF HTXDWLRQ RI WKLV
SDUDOOHOSODWIRUPFDQDOVREHGHULYHGDV
          >  @TF J M q q t C q q q t G q      
6LPLODUO\ RQ WKH EDVLV RI G\QDPLF HTXDWLRQV RI SODWIRUP WKH DFFHOHUDWLRQ YHFWRU
  q t  FDQ EH REWDLQHG WKURXJK WKH IRUZDUG G\QDPLFV 6XEVHTXHQWO\ WKH YHORFLW\ DQG
SRVLWLRQRIWKHDFWXDWRUFDQEHREWDLQHGYLDLQWHJUDWLRQRSHUDWLRQ7KHIRUZDUGG\QDPLF
SUREOHP KDV D FOHDU SK\VLFDO PHDQLQJ ZKLFK FDQ EH VWDWHG DV JLYHQ WKH LQSXW IRUFH
WRUTXH RI HDFK MRLQW ILQG WKH FRUUHVSRQGLQJ PRWLRQ LQ WHUPV RI SRVLWLRQ YHORFLW\ DQG
DFFHOHUDWLRQIRUVRPHLQLWLDOSRVLWLRQDQGYHORFLW\FRQGLWLRQV
         >  @Tq t M q J C q q q G qW      
,QRUGHUWRGHVLJQDFRQWUROOHULQMRLQWVSDFHFRRUGLQDWHVWKHLQYHUVHNLQHPDWLFPRGHO
LVXWLOL]HGWRWUDQVIRUPWKHWUDMHFWRU\LQWDVNVSDFHWRWKDWLQWKHMRLQWVSDFHDQGWKHQLWLV
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 

DEOHWRGULYHHDFKMRLQWRIWKHURERW,IWKHOHQJWKVRIWKHVL[OHJVDUHZHOOFRQWUROOHGWKH
XSSHUPRYLQJSODWIRUPRISDUDOOHOPDQLSXODWRUFDQPRYHZLWKWKHVL[GHVLUHGGHJUHHVRI
IUHHGRP ,QJHQHUDOG\QDPLFVDQDO\VLV LVXWLOL]HG WREXLOG WKH UHODWLRQVKLSEHWZHHQ WKH
LQSXWIRUFHRUWRUTXHRIWKHVL[EUDQFKHVDQGWKHGHVLUHGWUDMHFWRULHV'\QDPLFVPRGHOLQJ
RISDUDOOHOURERWLVYHU\LPSRUWDQWIRUURERWPRWLRQFRQWURO2QRQHKDQGWKHPRGHOFDQ
EH XWLOL]HG IRU SDUDOOHO URERW¶V VLPXODWLRQ DQDO\VLV DQG GHVLJQ RQ WKH RWKHU KDQG WKH
G\QDPLFV DUH HVSHFLDOO\ LQGLVSHQVDEOH IRU PRGHOEDVHG FRQWURO PHWKRGV VXFK DV WKH
FRPSXWHGWRUTXHFRQWUROOHUVOLGLQJPRGHFRQWUROOHURURWKHUPRGHOUHIHUHQFHDOJRULWKPV
7KHUHIRUHNLQHPDWLFVDQGG\QDPLFVPRGHOLQJLVWKHEDVLVRI60&FRQWUROOHUGHVLJQDQG
URERW FRQWURO LQ WKLV SDSHU DQG WKURXJK WKH NLQHPDWLFV DQG G\QDPLFV DQDO\VLV RI WKH
SDUDOOHOURERWZHFDQDFKLHYHDPRUHHIIHFWLYHFRQWUROSHUIRUPDQFH
6OLGLQJ0RGH&RQWUROOHU
7KHSXUSRVHRIWKHVOLGLQJPRGHFRQWUROODZLVWRHQVXUHWKDWWKHQRQOLQHDUSODQW¶VVWDWH
WUDMHFWRU\UHDFKHVDVSHFLILHGVXUIDFHZLWKLQDILQLWHWLPHDQGWKHQUHPDLQVRQWKLVVXUIDFH
LQWKHVXEVHTXHQWWLPHRQFHLQWHUFHSWHG,QJHQHUDOWKHVOLGLQJPRGHFRQWUROGHVLJQKDV
WZRVWHSSURFHVVFKRRVHD VZLWFKLQJVXUIDFHZKLFK LVFKRVHQE\GHVLUHGEHKDYLRUDQG
GHILQHDVZLWFKLQJFRQWUROVXFKWKDWWKHWUDMHFWRU\RIWKHV\VWHPFRQYHUJHVWRWKHVOLGLQJ
VXUIDFHDQGWKHQVWD\VRQWKHVOLGLQJVXUIDFH,QWKLVFRQWH[WJLYHQWKHYHFWRU q
d
 q
d
 q
d

UHSUHVHQWLQJWKHGHVLUHGSRVLWLRQYHORFLW\DQGDFFHOHUDWLRQRIWKHURERWUHVSHFWLYHO\ZH
ZDQWWRILQGWKHULJKWWRUTXHYHFWRURIHDFKMRLQWWRGULYHWKHURERW6RLWLVDEOHWRJHWWKH
DFWXDO PRYHPHQW YHFWRUV q q q RI WKH URERW WR WUDFN WKH GHVLUHG WUDMHFWRU\ 7KH VOLGLQJ
PRGHFRQWUROOHULVSURSRVHGEDVHGRQWKHG\QDPLFPRGHORIWKHSDUDOOHOURERW
       TJ f M q q C q q q G qW        
'HILQHWKHWUDFNLQJHUURUYHFWRU e DQGLWVGLIIHUHQWLDO e DVIROORZLQJ

dqqe   de q q     
ZKHUH
dq DQG q LV WKH GHVLUHG DQG DFWXDO SRVLWLRQ YHFWRU RI WKH MRLQW UHVSHFWLYHO\ ,QRUGHUWRPDNHWKHV\VWHPWUDFN
dqq{ OHWXVGHILQHDVOLGLQJVXUIDFHsDV

rs e e q qO       
KHUH WKH UHIHUHQFH YHORFLW\ YHFWRU eqq dr O  LV IRUPHG E\ PRGLI\LQJ WKH GHVLUHGYHORFLWLHV dq DFFRUGLQJWRWKHHUURU e &RQVLGHULQJWKHQHFHVVDU\FRQGLWLRQIRUUHDFKLQJWKHVOLGLQJVXUIDFH s  ZHKDYHWKHIROORZLQJIRUPDVWKHFRQWUROODZRI60&˖
 uuu eq '  
7KHFRQWUROOHULQFOXGHVWZRSDUWV2QHSDUWRIWKHFRQWUROOHULVWKHHTXLYDOHQWFRQWURO
FRPSRQHQW equ DQGWKHRWKHUSDUWLVWKHFKDWWHULQJFRQWUROFRPSRQHQW u' )RUWKH'2)SDUDOOHOURERWFRQWUROOHURXWSXWLVWKHMRLQWWRUTXH WWW ' eq %DVHGRQWKHG\QDPLFPRGHORIWKHSDUDOOHOURERWZHKDYH
 GqCqM rreq ÖÖÖ  W  
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+HUHWKHV\PEROAGHQRWHVWKHHVWLPDWHGYDOXHWKDWLV
 Ö  M M q Ö   C C q q  Ö  G G q  
&KDWWHULQJLVXQGHVLUHGSKHQRPHQRQDQGLWLVEHWWHUWREHUHGXFHGRUHOLPLQDWHGIRU
WKH FRQWUROOHU WR SHUIRUP SURSHUO\ 7KLV REMHFWLYH FDQ EH DFKLHYHG E\ VPRRWKLQJ WKH
FRQWUROGLVFRQWLQXLW\LQDWKLQERXQGDU\OD\HUQHDUWKHVZLWFKLQJVXUIDFH:HKDYH
  ) ' sksatW  
:KHUH) LVWKHERXQGDU\OD\HUWKLFNQHVVDQG  sat  LVVDWXUDWLRQIXQFWLRQWKXV
 Ö ÖÖ   eq r rMq Cq G ksat sW W W  '     )   
7KHGHVLJQHGVOLGLQJPRGHFRQWUROOHUIRUSDUDOOHOURERWLVVKRZQLQ)LJ
)LJ7KHVOLGLQJPRGHFRQWUROOHUIRUSDUDOOHOURERW
)X]]\6OLGLQJ0RGH&RQWUROOHU
,Q PHGLFDO DSSOLFDWLRQV UHODWHG WR ORZHU OLPE UHKDELOLWDWLRQ ZKHQ WKH XSSHU SODWIRUP
PRYHVZLWKLQLWVZRUNVSDFHDQGFRQWDFWVZLWKWKHHQYLURQPHQWWKHSODWHZLOOEHFRQILQHG
E\WKHHQYLURQPHQW7KHUHIRUHLWLVKDUGWRGHWHUPLQHWKHXQFHUWDLQWLHVZKHQFRQWDFWLQJ
ZLWK WKH SDWLHQW¶V OLPE VXFK DV WKH LQHUWLD FRQGLWLRQV RU H[WHUQDO IRUFHV 7UDGLWLRQDO
60&FRQWUROOHUVQHHGWRREWDLQWKHPDWKHPDWLFDOPRGHORIWKHFRQWUROOHGREMHFWPDNLQJ
LWGLIILFXOWWRSURYLGHSHUIHFWSHUIRUPDQFHLQFRQWUROOLQJV\VWHPZLWKXQFHUWDLQFRQGLWLRQV
VXFK DV WKH UHKDELOLWDWLRQ URERWV ,QSUDFWLFDO DSSOLFDWLRQV IRU ORZHU OLPE UHKDELOLWDWLRQ
ZKHQWKHSKDVHUHDFKHVWKHVZLWFKLQJVXUIDFHWKHHUURUVXVXDOO\UHVXOWLQFKDWWHULQJGXH
WRGLVFRQWLQXLW\LQWKHVZLWFKLQJFRQWURO7RDYRLGWKLVSUREOHPDUREXVWFRQWUROEDVHGRQ
IX]]\VOLGLQJPRGHFRQWUROOHU)60&LVSURSRVHG
FSMC for robot with human interaction 
,QPHGLFDOSUDFWLFH UHJDUGLQJ WKH ORZHU OLPE UHKDELOLWDWLRQ URERW LQRXU ODERUDWRU\
ZKHQ WKH XSSHU SODWIRUP PRYHV WKH FRQWDFW IRUFH ZLWK KXPDQ LQWHUDFWLRQ LQFOXGLQJ
LQHUWLDFRQGLWLRQVDQGH[WHUQDOGLVWXUEDQFHIRUFHV7RHOLPLQDWHWKHHIIHFWRIWKHH[WHUQDO
IRUFHZHXVHG D VOLGLQJPRGHFRQWUROOHUZLWK IRUFH IHHGEDFNZKLFK FDQEH WKH WRUTXH
PHDVXUHGE\WKHIRUFHVHQVRUUHSUHVHQWHGE\ 
dW DVLOOXVWUDWHGLQ)LJ&RQVLGHULQJWKHSDUDOOHO URERW LQ D UHKDELOLWDWLRQ HQYLURQPHQW WKH G\QDPLF PRGHO VKRXOG EH PRGLILHG
ZLWKH[WHUQDOWRUTXHIHHGEDFN 
dW FDXVHGE\WKHORZHUOLPEGLVWXUEDQFH\LHOGV
 
      T dJ f M q q C q q q G qW W        
)LJ5RERWNLQHWLFPRGHOZLWKKXPDQLQWHUDFWLRQLQUHKDELOLWDWLRQHQYLURQPHQW
$SSO\LQJIX]]\LQIHUHQFHWRDGMXVWWKHFRQWUROOHUSDUDPHWHUVFDQHIIHFWLYHO\DOOHYLDWH
WKH FKDWWHULQJ ZLWKRXW WKH VDFULILFH RI UREXVWQHVV 7KH LQWURGXFWLRQ RI IX]]\ ORJLF WR
VOLGLQJPRGHFRQWUROOHUFDQJUHDWO\LPSURYHWKHV\VWHPSHUIRUPDQFHLQWZRZD\VRQHLV
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 

WRVKLIWWKHFRQWUROREMHFWIURPWKHWUDFNLQJHUURUVWRWKHVOLGLQJPRGHIXQFWLRQWKHRWKHU
LV WKDW WKH IX]]\ VOLGLQJ PRGH FRQWUROOHU FDQ VLPSOLI\ WKH FRPSOH[LW\ RI WUDGLWLRQDO
V\VWHP)RUH[DPSOHIRUDV\VWHPZLWKRUGHU n ! WKHLQSXWRIWKHWUDGLWLRQDOV\VWHP
LVnGLPHQVLRQDOWKDWLV e ee"enª¬ º¼ZKLOHWKHIX]]\VOLGLQJPRGHFRQWUROOHULVDEOHWRUHGXFHWKHGLPHQVLRQDOLW\PDNLQJWKHLQSXWWREHWZRGLPHQVLRQDOZKLFKLV s s ,Q
WKHSDUDOOHOURERWFRQWUROV\VWHPIX]]\UXOHVFDQFRUUHFWWKHFRQWUROOHURXWSXWHYHQLQWKH
DEVHQFHRISUHFLVHPRGHORIWKHFRQWUROOHGREMHFW0DQ\IX]]\VOLGLQJPRGHFRQWUROOHUVLQ
OLWHUDWXUHVDUHWRRFRPSOLFDWHGDQGKDYHWRRPXFKFRPSXWDWLRQWREHDSSOLHGLQSUDFWLFH
7KH EDVLF VWUXFWXUH DQG LQWHJUDWLQJ RI WKH IX]]\ ORJLF V\VWHPV ZLWK 60& LQ SUDFWLFDO
LPSOHPHQWDWLRQV DUH XVHG WR EH IXOILOOHG LQ WZR ZD\V 2QH LV WR XVH IX]]\ V\VWHPV IRU
60&SDUDPHWHUVWXQLQJVXFKDVLQ5HIV,QWKHVHSDUWLFXODU60&VFKHPHV
 u t LVD IXQFWLRQRI s DQG s  WKHJDLQ k DV LQ(TEDODQFHV WKHFKDWWHULQJDQG
WKHHUURULQWKHV\VWHP7KHIX]]\V\VWHPWXQHVWKHSDUDPHWHUVLQVXFKDZD\DVWRJHWWKH
EHVW WUDFNLQJSHUIRUPDQFHZLWKRXWFKDWWHULQJ$QRWKHURQH LV WRXVH IX]]\ ORJLFV\VWHP
FRQWUROOHUFRPSOHPHQWDU\WR60&6XFKDSSURDFKHVDVVHHQLQWKHSDSHUV
WKDW LQFOXGH IX]]\ ORJLF V\VWHPV DV DGGLWLRQDO FRPSHQVDWRUV WR WKH 60& RXWSXWV IRU
SHUIRUPDQFH HQKDQFHPHQW DQG FKDWWHULQJ HOLPLQDWLRQ +HUH WKH 60& FRPELQHG ZLWK
IX]]\WXQLQJLVXVHGWRFRPSHQVDWHIRUWKHLQIOXHQFHRIH[WHUQDOGLVWXUEDQFHVDQGUHGXFH
FKDWWHULQJZKLOHPDLQWDLQLQJVOLGLQJEHKDYLRUDWWKHVDPHWLPH
2QHRIWKHPDLQSUREOHPVRIWKHSULRU60&SDUDPHWHUVIX]]\WXQLQJPHWKRGLVWKDW
WKHSHUIRUPDQFHDQGUREXVWQHVVRIWKHFRQWUROOHULVDIIHFWHGE\WKHVHOHFWLRQRIWKHJDLQ
PDWUL[$QHIIHFWLYHWXQLQJPHFKDQLVPIRUWKHVH60&SDUDPHWHUVLVFULWLFDOWRWKHFRQWURO
SHUIRUPDQFH:KLOHWKHDSSURSULDWHSDUDPHWHUVQHHGWREHVHDUFKHGE\DWLPHFRQVXPLQJ
WULDODQGHUURUSURFHGXUH VR WKHFRPSXWDWLRQDOEXUGHQRIVXFKFRQWUROVFKHPHZLOOEH
YHU\ KHDY\ 0RUHRYHU WKHUH LV DOZD\V D FRQWUDGLFWLRQ EHWZHHQ WKH FKDWWHULQJ DQG WKH
UREXVWQHVVRIWKHV\VWHPZKHUHKLJKJDLQFDQHDVLO\FDXVHFKDWWHULQJZKHUHDVVPDOOJDLQ
OHDGV WR GHJUDGDWLRQ RI WKH WUDFNLQJ SHUIRUPDQFH :KLOH WKH 60& IX]]\ FRPSHQVDWLRQ
ZD\GRHVQRWKDYH VXFKGLIILFXOWLHVZKHQ UHDOL]H WKHSUDFWLFDO LPSOHPHQWDWLRQRI IX]]\
FRQWUROOHU,QWKLVSDSHUZHLQYHVWLJDWHGWKHFRQWURORIDSDUDOOHOURERWXVLQJ)60&IRU
FRQVWUXFWLQJ D VLPSOH FRQWUROOHU LQ SUDFWLFDO LPSOHPHQWDWLRQ ,Q RUGHU WR VLPSOLI\ WKH
FRQWUROOHUGHVLJQLQSUDFWLFDOH[SHULPHQWVWKHIX]]\FRQWUROOHULVRQO\XVHGWRFRPSHQVDWH
WKHVOLGLQJPRGHFRQWUROOHUDQGLPSURYHWKHSHUIRUPDQFHRIWKHV\VWHP&RPSDUHGZLWK
RWKHUDSSURDFKHVLQ>@ZKLFKXVHGWKHVLPLODUVWUXFWXUHDQGLQWHJUDWLQJZD\
IHZHUDQGVLPSOHUIX]]\UXOHVDUHQHHGHGWRUHDOL]HWKHWUDMHFWRU\WUDFNLQJLQRXUV\VWHP
7KH DFFXUDWH V\VWHP PRGHO LV QRW UHTXLUHG DQG WKH FRPSXWDWLRQDO EXUGHQ LV ORZHUHG
0RUHRYHUWKHV\VWHPVKRZVJRRGUREXVWQHVVWRGLVWXUEDQFHDQGH[WHUQDOXQFHUWDLQWLHV,W
FDQ LPSURYH WKH SHUIRUPDQFH RI VXFK FRQWUROOHU DQG UHGXFH WKH FKDWWHULQJ 6HOHFW WKH
VZLWFKLQJVXUIDFHIXQFWLRQ s DQGLWVFKDQJHUDWH s DVLQSXWVLJQDOVRIWKHIX]]\V\VWHP
DQGWKHIX]]\UHDVRQLQJFRPSRQHQW
fu DVWKHRXWSXWVLJQDOZKLFKFDQJUHDWO\UHGXFHWKHGHSHQGHQFHRIWKHVOLGLQJPRGHFRQWUROOHURQWKHREMHFWPRGHO7KDWLV
 eq fu u u u  '   
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ZKHUH
equ  u' DQG fu DUH WKH HTXLYDOHQW FRPSRQHQW VZLWFKLQJ FRPSRQHQW DQG IX]]\LQIHUHQFH FRPSRQHQW UHVSHFWLYHO\
fu LV WKH RXWSXW RI IX]]\ V\VWHP ZLWK D JDLQ g DGDSWDEOH WR WUDFNLQJSHUIRUPDQFH WKDW LV   fu g FSMC s s   $FFRUGLQJ WR WKHIX]]\VOLGLQJPRGHPRGHORIWKHSDUDOOHOURERWWKHSURSRVHGFRQWUROOHULVLOOXVWUDWHGLQ)LJ
)LJ)X]]\VOLGLQJPRGHFRQWUROPRGHOZLWKH[WHUQDOIRUFHFRPSHQVDWLRQ
Fuzzy logic system design 
,WLVZHOONQRZQWKDWWKHUREXVWQHVVRIWKHVOLGLQJPRGHFRQWUROLVDFKLHYHGE\GULYLQJ
WKHUHSUHVHQWDWLYHSRLQWWRZDUGVDGHVLUHGVOLGLQJUHJLPH:KHQWKHVWDWHWUDMHFWRULHVDUH
IDUIURPWKHVOLGLQJVXUIDFH_s_LVODUJHVRWKHVZLWFKLQJJDLQVKRXOGEHFRUUHVSRQGLQJO\
LQFUHDVHGDQGYLFHYHUVD,Q5HIDIX]]\WXQLQJWHFKQLTXHLVXVHGWRWUDQVODWHWKHIX]]\
RSHUDWLRQVLQWRH[SUHVVLRQVIRUDFRQWLQXRXVDGMXVWPHQWRIWKHFRQWUROOHUSDUDPHWHUV
fu LVWKH RXWSXW RI WKH )60& ZKLFK LV GHWHUPLQHG E\ WKH QRUPDOL]HG s DQG s  7KH IX]]\
UXOHVWDEOH7DEOHFDQEHUHSUHVHQWHGDVWKHPDSSLQJRIWKHLQSXWYDULDEOHV s DQG s WR
WKH RXWSXW YDULDEOH
fu DV GHVFULEHG LQ >@ )RU WKH IX]]\ GHIX]]LILFDWLRQ WKH PLQLPXPRSHUDWLRQ DQG FHQWHU DYHUDJH SURFHVV DUH VHOHFWHG WR FDOFXODWH WKH RXWSXW YDULDEOH %\
XVLQJWKLVWHFKQLTXHDFRPSHQVDWLRQDOFRPSRQHQW
fu LVDGGHGWRWKHFRQWURORXWSXW
7DEOH7KHIX]]\LQIHUHQFHUXOHVIRU)60&
 s 
s  NB NM NS ZO PS PM PB 
NB 3% 3% 30 30 36 =2 =2
NM 3% 3% 30 36 36 =2 16
NS 30 30 30 36 =2 16 16
ZO 30 30 36 =2 16 10 10
PS 36 36 =2 16 16 10 10
PM 36 =2 16 10 10 10 10
PB =2 =2 10 10 10 1% 1%

7KHQRUPDOL]HGPHPEHUVKLSIXQFWLRQVRILQSXWYDULDEOHV s DQG s DQGWKDWRIRXWSXW
YDULDEOH
fu DUHVKRZQLQ)LJVDQGUHVSHFWLYHO\7KH\DUHDOOGHFRPSRVHGLQWRVHYHUDOIX]]\VXEVHWVDV³1%1016=236303%´,QWKLVIX]]\VOLGLQJPRGHFRQWUROOHU
Mamdani LQIHUHQFH PHWKRG LV DGRSWHG DV WKH UHODWLRQVKLS H[SUHVVLQJ IX]]\ FRQGLWLRQDO
VWDWHPHQW&RQVLGHULQJWKHLPSDFWRIVOLGLQJVXUIDFHHUURUVRQWKHFRPSHQVDWLRQDORXWSXW
ZHVHWWKHPHPEHUVKLSIXQFWLRQVH[WUDFWHGLQVXFKDZD\WKDWWKHVWDELOLW\RIWKHV\VWHP
FDQEHVDWLVILHGDQGWKHVHUXOHVFRQWDLQWKHLQSXWDQGRXWSXWUHODWLRQVKLSVWKDWGHILQHWKH
SURSRVHGFRQWURO VWUDWHJ\)RU WKH IX]]\VOLGLQJPRGHFRQWUROOHU WKH LQSXW LVQR ORQJHU
WKHSRVLWLRQHUURUV e e EXW WKH VOLGLQJVXUIDFHV s s $FFRUGLQJ WR WKHPHPEHUVKLS
IXQFWLRQVZHKDYHWKHUXOHVVXFKDV³if s is PB (positive big) and s  is PB, then 
fu is NB 
(negative big)´ WRFRPSOHWH WKH UHVSHFWLYHSDUDPHWHUVFRQILJXUDWLRQRI LQSXWDQGRXWSXW
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 

YDULDEOHV LQ WKHLUGRPDLQV7KHSURSRVHGPHWKRGFDQDGMXVW WKHYDOXHRI
fu LQUHDOWLPHDFFRUGLQJ WRGLVWXUEDQFHVDQGXQFHUWDLQSDUDPHWHUV7KXVFRQWURO HUURUV WKDW H[FHVV WKH
VOLGLQJVXUIDFHFDQEHPLQLPL]HGZLWKRXWGHVWUR\LQJWKHVOLGLQJPRGHFRQGLWLRQV
)LJ7KHQRUPDOL]HGPHPEHUVKLSIXQFWLRQVRILQSXWYDULDEOHV s DQG s 
)LJ7KHQRUPDOL]HGPHPEHUVKLSIXQFWLRQRIRXWSXWYDULDEOH
fu 
Stability analysis 
6LQFHWKHG\QDPLFSURFHVVRIWKHIX]]\VOLGLQJPRGHFRQWUROOHUDOVRPDLQO\FRQWDLQV
WZRSKDVHVPDNLQJWKHSKDVHWUDMHFWRU\UHDFKWKHVOLGLQJVXUIDFHDQGPDLQWDLQLQJLWRQ
WKH VXUIDFH 7KH PRVW LPSRUWDQW WDVN LV WR GHVLJQ VZLWFKHG FRQWURO WKDW ZLOO GULYH WKH
SODQW¶V VWDWH WR WKH VZLWFKLQJ VXUIDFH DQG PDLQWDLQ LW RQ WKH VXUIDFH RQFH LQWHUFHSWHG
/\DSXQRYPHWKRGLVXVXDOO\XVHGWRGHWHUPLQHWKHVWDELOLW\SURSHUWLHVRIDQHTXLOLEULXP
SRLQWZLWKRXWVROYLQJWKHVWDWHHTXDWLRQ,QWKLVSDSHUWKH/\DSXQRYVWDELOLW\WKHRU\LV
XVHGWRGHULYHWKHJDLQVWKDWPDNHWKHSODQW¶VVWDWHUHDFKWKHVOLGLQJVXUIDFHZLWKLQILQLWH
WLPHDQGUHPDLQRQLWIRUWKHVXEVHTXHQWWLPH'HILQHWKH/\DSXQRYIXQFWLRQDVIROORZV
 MssV T
  
$QGWKHGLIIHUHQWLDOHTXDWLRQRI/\DSXQRYIXQFWLRQLV
       
T T T T TV s Ms s Ms s Ms s Ms s Ms          
,QUHKDELOLWDWLRQSUDFWLFHWKHG\QDPLFPRGHOFRPSHQVDWHGZLWKH[WHUQDOIRUFH 
dW LV
 
      T dJ f M q q C q q q G qW W        
7KHQ
 
T dMq J f Cq G W      
6LQFH rs e e q qO        ˈZKHUH r dq q eO    
 
  
T T T
d rV s Ms s J f Cq G MqW          
1RWH WKDWZLWK WKHSDUWLFXODUSURSHUW\RISDUDOOHO URERW WKHPDWUL[ M qCq q LV
LQGHHG VNHZV\PPHWULF DQG EDVHG RQ WKH VNHZV\PPHWU\ RI WKH PDWUL[ ZH KDYH
sT > M  C@s  %\XVLQJWKLVSURSHUW\WKHWHUPRI  Ts Ms FDQEHUHZULWWHQDV
 
T Ts Ms s Cs   
7KHQVXEVWLWXWLQJLQLWR\LHOGV
 
 T T r r dV s J f Mq Cq G W        
,QWKHGHVLJQHG)60&ZLWKIX]]\FRPSHQVDWLRQDOVLJQDOWKHFRQWUROOHURXWSXWLV
 FSMC Control of a Parallel Robot in Rehabilitation Environment 
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
6XEVWLWXWLQJ TJ f LQLWR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\LHOGV
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  d d d dM M q M M q C C q q C C q q G W    '  '     6RWKHILQDO/\DSXQRYIXQFWLRQLVH[SUHVVHGDV
     T T Tr r fV s Mq Cq s ksat s s W '  '  )     
,QRUGHUWRVDWLVI\WKHVWDELOLW\FRQGLWLRQRIVXFKFRQWUROV\VWHPDV V d K s 
ZKHUHWKHFRQVWDQWK LVVWULFWO\SRVLWLYH
7KHYHFWRUkFDQEHFKRVHQDVIROORZLQJHTXDWLRQ

r r fk Mq Cq W Kt '  '     
7KHRXWSXWIX]]\VHWVDUHQRUPDOL]HGLQDQLQWHUYDOVR   fu FSMC s s d : 7KHUHIRUHLIWKHFKRVHQFRQWUROJDLQkLVODUJHHQRXJKWRVDWLVI\WKHDERYHHTXDWLRQ
RQHFDQFRQFOXGH WKDW WKHUHDFKLQJFRQGLWLRQ   MssV T LVDOZD\VVDWLVILHG7KXV
WKHFORVHGORRSV\VWHPLVDV\PSWRWLFDOO\VWDEOHDQGWKHHUURUVWDWHWUDMHFWRU\FRQYHUJHVWR
WKHVOLGLQJVXUIDFH   s t  7KHVOLGLQJFRQGLWLRQJXDUDQWHHV WKDW WKH WUDMHFWRU\UHDFKHV
VOLGLQJ VXUIDFH LQ D ILQLWH WLPH 2QFH LQWHUFHSWHG WKH WUDMHFWRULHV ZLOO UHPDLQ RQ WKH
VXUIDFHDQGWKXVGULYHURERWIROORZLQJWKHGHVLUHGWUDMHFWRU\
Controller design in practice  
7KLVDUWLFOHSURSRVHVDVOLGLQJPRGHFRQWUROOHUZLWKIX]]\FRPSHQVDWLRQIXUWKHUWKH
/\DSXQRYVWDELOLW\WKHRU\LVXWLOL]HGWRGHWHUPLQHWKHUDQJHRIIX]]\LQIHUHQFHRXWSXWWR
HQVXUHWKHVWDELOLW\RIWKHZKROHV\VWHP,QRUGHUWRFRQWUROWKH'2)SDUDOOHOURERWIRU
UHKDELOLWDWLRQ SURSHUO\ LWV FRQWURO IHDWXUHV DQG PRGHO SDUDPHWHUV PXVW EH FRQVLGHUHG
%HFDXVHWKLVNLQGRIFRQWUROOHUKDVDGHVLJQWKDWRSHUDWHVGLUHFWO\RQWKHHUURUVEHWZHHQ
WKHGHVLUHGDQGPHDVXUHGSRVLWLRQYDOXHVWKHURERWLQRXUODELVHTXLSSHGZLWKHQFRGHU
VHQVRUVWRPHDVXUHWKHSRVLWLRQDQGYHORFLW\RIWKHSODWIRUP
$VIRUWKH'2)SDUDOOHOURERWLQWKLVH[SHULPHQWDOV\VWHPWKHUDGLXVRIWKHXSSHU
PRYLQJSODWHLVmmZKLOHWKHUDGLXVRIWKHIL[HGEDVHSODWHLVmmDQGWKHDQJOHV
RI WKHSODWIRUPVDUHDQG UHVSHFWLYHO\7KHPDVVRI WKHXSSHUSODWIRUPLVkg
DQG WKH PDVV RI WKH EDVH SODWIRUP DQG OLQNDJHV DUH kg DQG kg UHVSHFWLYHO\ 6R
LQHUWLDWHUPPDWUL[ qM RIWKHSODWIRUPFDQWKXVEHGHULYHG
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 
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+HUH KK DUHWKHLQWHUPHGLDWHSDUDPHWHUV7KH SURSRVHG IX]]\ VOLGLQJ PRGH FRQWUROOHU LQFOXGHV WKUHH SDUWV WKH HTXLYDOHQW
FRQWUROLQSXW
eqW ZKLFKLVWRDFKLHYH  s WKHFKDWWHULQJFRQWUROLQSXW W' ZKLFKLVXVHGWRVDWLVI\WKH/\DSXQRYUHTXLUHPHQWDQGWKHIX]]\LQIHUHQFHRXWSXW
fW ZKLFKLVXVHGWRFRPSHQVDWHWKH60&DQGUHGXFHWKHFKDWWHULQJ,WLVH[SHFWHGWKDWWKHIX]]\VOLGLQJPRGH
FRQWUROOHUFDQJUHDWO\LPSURYHWKHSHUIRUPDQFHGXULQJPRWLRQFRQWUROVLQFHLWWDNHVLQWR
FRQVLGHUDWLRQRQGLVWXUEDQFHVRIWKLVV\VWHP$FFRUGLQJWRWKHSDUDPHWHUVRIWKLVSDUDOOHO
URERWPRGHOZHFKRRVHRSHUDWLQJEDQGZLGWK O  $QG WKHJDLQk FDQEHFDOFXODWHGIURP(T7\SLFDOO\WKHDUELWUDU\FRQVWDQWK LVDVPDOOYDOXHFRPSDUHGWRWKHYDOXH
RIk,QRXUH[SHULPHQWVSDUDPHWHUK LVFKRVHQWREH
6RLQWKLV)60&V\VWHPIRUSDUDOOHOUHKDELOLWDWLRQURERWZHKDYH
 
Ö ÖÖeq r r dMq Cq GW W      r r fk Mq Cq W K '  '     
$QGILQDOO\WKHFRQWUROOHURXWSXW\LHOGV
   eq fksat sW W W  )   
,Q WKH GHVLJQHG IX]]\ VOLGLQJ PRGH FRQWURO V\VWHP IRU RXU '2) SDUDOOHO URERW
EDVHGRQWKHIX]]\UHODWLRQVKLSVHVWDEOLVKHGDPRQJWUDFNLQJHUURUVVOLGLQJIXQFWLRQVDQG
WKHFRQWURORXWSXWVWKHIX]]\FRPSHQVDWLRQFDQDFKLHYHSDUDPHWHUVVHOIWXQLQJIRU60&
$FFRUGLQJWRWKHDERYHIX]]\UXOHVDQGGHVLJQHGSDUDPHWHUVIRU)60&WKHFRQWUROOHUIRU
UHKDELOLWDWLRQURERWZLWKH[WHUQDOIRUFHLQSUDFWLFHFDQEHLPSOHPHQWHGDVLQ)LJ

)LJ,PSOHPHQWDWLRQRI)60&IRUSDUDOOHOURERWLQH[SHULPHQW
 FSMC Control of a Parallel Robot in Rehabilitation Environment 
 
([SHULPHQWDO5HVXOWVDQG'LVFXVVLRQV
7KH6WHZDUWSODWIRUPVKRZQLQ)LJZDVGHVLJQHGE\WKHDXWKRUV¶UHVHDUFKJURXSIRUWKH
SXUSRVH RI LQYHVWLJDWLQJ ORZHU OLPE UHKDELOLWDWLRQ 6SHFLILFDOO\ WKH V\VWHP PDLQO\
LQFOXGHVDQLQGXVWULDO3&VL[PRWLRQFRQWUROOHUVEDVHGRQ'63ERDUGVRIPRGHO706
/)$ DQG 3DQDVRQLF 0LQDV VHUYR GULYHUV ZLWK RXWSXW SRZHU RI  : DQG UDWHG
VSHHGRI UPLQ DV ZHOO DV WKH 6WHZDUW SODWIRUP 7KH SURSRVHG )60& ZLWK IX]]\
FRPSHQVDWRULVUHDOL]HGLQWKH'63VXVLQJWKH&ODQJXDJH)XUWKHUPRUHWKHLQFUHPHQWDO
SKRWRHOHFWULFHQFRGHUVDUHPRXQWHGWRSURYLGHSRVLWLRQDQGYHORFLW\IHHGEDFN7KHURERW
FRQWURO PRGHO FRQWDLQV VL[ LQGHSHQGHQW FRQWURO ORRSV ZKHUH HDFK MRLQW LV VHSDUDWHO\
GULYHQE\DQ$&VHUYRPRWRU ,Q WKHPDLQSURJUDP WKHSRVLWLRQVDQGYHORFLWLHVRI WKH
PRWRUVDUHUHDGIURPWKHHQFRGHUV1H[W WKHSURJUDPFDOFXODWHV WKHHUURUVEHWZHHQWKH
IHHGEDFN DQG WKH GHVLUHG PRWLRQ DQG JHQHUDWHV WKH FRQWURO HIIRUWV DFFRUGLQJ WR WKH
SURSRVHG)60&DOJRULWKPWRUHDOL]HWKHFORVHORRSFRQWURORIWKHV\VWHP
)LJ7KH6WHZDUWSODWIRUPDQGFRQWUROV\VWHPGHVLJQHGLQUHKDELOLWDWLRQHQYLURQPHQW
,QWKLVH[SHULPHQWDOV\VWHPWKHWUDMHFWRU\IRUXSSHUSODWIRUPLVGHILQHGDVIROORZLQJ
WKHLQLWLDOSRVLWLRQRI WKHSODWIRUPFHQWHU LV DQGPRYHWKHSODWH WR
KHUH WKH XQLW LV PP $QG WKHQ WKH SODWIRUP PRYHV E\ IROORZLQJ D FRXQWHUFORFNZLVH
FLUFOHWKHUDGLXVLVmmWKXVWKHSODQQHGSDWKRIWKHPRYLQJSODWIRUPLV
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
,Q WKHSUDFWLFDO HQYLURQPHQW WKH IX]]\ VOLGLQJPRGHFRQWUROOHU IRUSDUDOOHO URERW LV
LPSOHPHQWHGRQWKHVL['63FKLSVZKLFKFRQWUROWKHVL[MRLQWVLQGHSHQGHQWO\7KH)60&
LVUHDOL]HGEDVHGRQIX]]\LQIHUHQFHFRPSHQVDWLRQWRPDNHWKHRXWSXWVLJQDOFRPSOLDQW
DQGWKXVDFKLHYHWKHKLJKSUHFLVLRQSRVLWLRQDQGYHORFLW\WUDFNLQJFRQWURO7KHSURSRVHG
DOJRULWKPLPSOHPHQWHGRQ'63LVZULWWHQLQWKHVRIWZDUHSODWIRUP&&6WXGLRDQGWKH
SURJUDPLVGRZQORDGHGWRWKH'63ERDUGWKURXJKHPXODWRUDVWKHURERWPRWLRQFRQWUROOHU
7KHGHVLUHGWUDMHFWRU\DQGWKHYHORFLW\RIHDFKMRLQWFDQEHDFKLHYHGDVVKRZQLQ)LJ
DFFRUGLQJWRWKHLQYHUVHNLQHPDWLFVRI'2)SDUDOOHOURERW
)LJ7KHSODQQHGWUDMHFWRU\IRUHDFKMRLQWLQWKLVH[SHULPHQWDLVWKHGHVLUHGWUDMHFWRU\RIHDFKMRLQWDQGE
LVWKHGHVLUHGYHORFLW\RIHDFKMRLQW
7UDMHFWRU\ SDUDPHWHUV FDQ EH DFKLHYHG E\ SDWK SODQQLQJ EDVHG RQ WKH LQWHUSRODWLRQ
RSHUDWLRQ)LUVWO\WKHH[SHULPHQWDOUHVXOWVRIWKHWUDGLWLRQDO60&IX]]\WXQLQJFRQWUROOHU
DQG WKH SURSRVHG VLPSOH 60& IX]]\ FRPSHQVDWLRQ FRQWUROOHU DUH JLYHQ WR YHULI\ WKHLU
HIIHFWLYHQHVV LQ FRQWUROOLQJ WKH '2) SDUDOOHO URERW LQ D UHDO HQYLURQPHQW 6L[ MRLQWV¶
SRVLWLRQWUDFNLQJHUURUVRIWKHWUDGLWLRQDOFRQWUROOHUDQGWKHSURSRVHG60&FRQWUROOHUDUH
VKRZQ LQ )LJ  %DVHG RQ WKH DQDO\VLV RI H[SHULPHQWDO UHVXOWV LW LV REYLRXV WKDW WKH
SHUIRUPDQFHRIRXUPHWKRGLVFORVHWRWKHFODVVLFDO60&IX]]\WXQLQJPHWKRG,WPXVWEH
DGPLWWHG WKDW WKH FODVVLFDO )60& VWUDWHJ\ FDQ IROORZ WKH GHVLUHG WUDMHFWRU\ LQ D EHWWHU
 Quan Liu, Wei Meng, Zude Zhou, Qingsong Ai 

SHUIRUPDQFHEXWRXUDSSURDFKFDQDOVRHIIHFWLYHO\UHGXFHWKHSRVLWLRQWUDFNLQJGHOD\DQG
G\QDPLFGHYLDWLRQDQGWKHURERWFDQEHRSHUDWHGLQDVPRRWKZD\
)LJ-RLQW¶VSRVLWLRQWUDFNLQJUHVXOWVRI'2)SDUDOOHOURERWDLVWKHMRLQW¶VWUDFNLQJHUURUVRIWUDGLWLRQDO
60&IX]]\WXQLQJFRQWUROOHUDQGELVWKHWUDFNLQJHUURUVRISURSRVHG60&IX]]\FRPSHQVDWLRQFRQWUROOHU
7KH PD[LPXP HUURU RI VL[ OHJV IRU WKH SURSRVHG FRQWUROOHU LV DERXW mm LQ RWKHU
ZRUGVWKHSRVLWLRQWUDFNLQJUHVXOWVRIRXUPHWKRGDUHUHODWLYHO\FUXGHEXWVWLOOVXIILFLHQW
LQWKHSUDFWLFDODSSOLFDWLRQV+RZHYHUDOWKRXJKWKHFODVVLFDO)60&FRQWUROOHUFDQVDWLVI\
WKH WUDMHFWRU\ WUDFNLQJ SHUIRUPDQFH RI WKH '2) SDUDOOHO URERW WKH YHORFLW\ FRQWURO
UHVXOWV DV LQ)LJ E FDQQRW PHHW WKH UHTXLUHPHQW RI URERWLFV IRUPHGLFDO SXUSRVH
VLQFH WKH FKDWWHULQJ LV GLVWLQFW HVSHFLDOO\ LQ KLJK VSHHG VLWXDWLRQV 7KH UHDVRQ ZK\
YHORFLW\WUDFNLQJSHUIRUPDQFHLVVRFRQFHUQHGLQWKLVUHKDELOLWDWLRQSUDFWLFHLVFRQGXFWHG
DVIROORZV/RZHUOLPEUHKDELOLWDWLRQURERWVKDYHWREHPDQLSXODWHGZLWKLQDZLGHUDQJH
RIVSHHGV,QSUDFWLFDOLPSOHPHQWDWLRQVYHORFLW\FKDWWHULQJLVKLJKO\XQGHVLUDEOHEHFDXVH
LW PD\ LPSDFW WKH SODQW G\QDPLFV DQG WKXV UHVXOW LQ XQIRUHVHHQ LQVWDELOLWLHV ZKLFK LV
HVSHFLDOO\ GHVWUXFWLYH LQ WKH WUDLQLQJ SURFHVV +RZHYHU DPRQJ UHVHDUFKHV RQ IX]]\
VOLGLQJPRGHFRQWURORQO\DIHZFRQVLGHUHGWKHFKDWWHULQJFKDUDFWHULVWLFVRIWKHYHORFLW\
WUDFNLQJ FRQWURO ,Q SDSHUV  WKH V\VWHPV DOO UHDOL]HG WUDMHFWRU\ WUDFNLQJ LQ
VLPXODWLRQRUSUDFWLFDOHQYLURQPHQW$FDVFDGHFRQWURODOJRULWKPEDVHGRQVOLGLQJPRGH
ZDV SURSRVHG LQ 5HI  WR UHDOL]H WKH WUDMHFWRU\ WUDFNLQJ FRQWURO RI D SDUDOOHO URERW
+RZHYHUWKHV\VWHPODFNHGGLUHFWPHDVXUHPHQWVRIWKHYHORFLW\VLJQDODQGWKHYHORFLW\
REVHUYHUZDVGHVLJQHGXVLQJWKHSRVLWLRQHUURUZKLFKPD\LQWURGXFHVHYHUHQRLVHV
2QO\LQ5HIERWKSRVLWLRQDQGYHORFLW\HUURUVZHUHFRQVLGHUHGLQWKHFRQWUROOHU
+RZHYHU WKLV PHWKRG LV WLPHFRQVXPLQJ DQG FDQQRW SURYLGH HQRXJK UREXVWQHVV ZKHQ
XQFHUWDLQW\DQGH[WHUQDOGLVWXUEDQFHH[LVW,QVSLUHGE\SUHYLRXVZRUND60&ZLWKIX]]\
FRPSHQVDWLRQVFKHPHLVGHYHORSHGWRDWWHQXDWHWKHYHORFLW\FKDWWHULQJ7KHQDQDGDSWLYH
FRQWUROOHUZDVDGGHGLQWRWKHVOLGLQJPRGHFRQWUROOHUIRUFRPSHQVDWLQJWKHXQFHUWDLQWLHV
DQGVPRRWKLQJWKHFRQWUROVLJQDO,QWKLVSDSHUZHFKRRVH s e eO  DVWKHLQSXWWRWKH
IX]]\ORJLFV\VWHP%\GRLQJVRLWFDQEHQRWHGWKDWLVDIXQFWLRQRISRVLWLRQDQGYHORFLW\
HUURUVDQGWKHYHORFLW\WUDFNLQJSHUIRUPDQFHGLUHFWO\LQIOXHQFHVWKHFRQWUROOHURXWSXWIRU
HDFK MRLQW)XUWKHUPRUH WR LPSURYH WKHSHUIRUPDQFHRI WKHSURSRVHG LQWHOOLJHQWFRQWURO
DSSURDFKD'63LVDGRSWHGIRUWKHLPSOHPHQWDWLRQRIWKHSURSRVHG)60&7KHRXWSXWRI
WKH IX]]\ ORJLF FRPSHQVDWRU LV DGGHG WR WKH FRQWURO HIIRUW RXWSXW RI WKH 60& IRU WKH
HOLPLQDWLRQ RI WKH YHORFLW\ FKDWWHULQJ ,Q WKH IROORZLQJ WKH EHKDYLRU RI WKH SURSRVHG
IX]]\60&FRPSHQVDWRU\FRQWUROOHULVFRPSDUHGZLWKFODVVLFDOIX]]\60&PHWKRGV
,QWKHDFWXDOURERWSODWIRUPWKHYHORFLW\WUDFNLQJUHVXOWVREWDLQHGE\SHUIRUPLQJWKH
VDPH DERYH WUDMHFWRU\ DUH VKRZQ LQ )LJ  DQG ZH FDQ FRPSDUH WKHSURSRVHG )60&
ZLWKWKHH[SHULPHQWDOUHVXOWVRISXUH60&DQGFRQYHQWLRQDO60&IX]]\WXQLQJFRQWUROOHU
)URPWKHH[SHULPHQWDOUHVXOWVLWLVFRQFOXGHGWKDWRXUSURSRVHG)60&VKRZHGVXSHULRU
SHUIRUPDQFHIRUHDFKRI WKHVL[MRLQWV&RPSDULQJ)LJVDDQGE LW LVFOHDU WKDW
IRUWKHFODVVLFDO)60&WKHSRVLWLRQWUDFNLQJHUURUVFDQEHDWWHQXDWHGHIIHFWLYHO\E\WKH
LQWURGXFLQJRIERXQGDU\OD\HUIXQFWLRQ+RZHYHUDVWKHFRQWUROODZQHHGVWREHWXQHGXS
 FSMC Control of a Parallel Robot in Rehabilitation Environment 
 
DSSURSULDWHO\WRDFKLHYHDFRPSURPLVHEHWZHHQWKHWUDFNLQJSUHFLVLRQDQGWKHFKDWWHULQJ
UHVXOWVWKHSULFHLVWKHYHORFLW\FKDWWHULQJLQFUHDVLQJDVVKRZQLQ)LJE(VSHFLDOO\LQ
ILUVWVWDJHRI)LJSHDNYHORFLW\HUURUVRFFXUEHFDXVHUHIHUHQFHYHORFLW\RI)LJELV
VRODUJHIRUaVHF2QWKHRWKHUKDQGKRZHYHUIRUWKHSURSRVHG60&FRPSHQVDWLRQ
FRQWUROOHUWKHYHORFLW\HUURUVDUHPXFKVPDOOHUDVWKHFRPSHQVDWLRQYDOXHVREWDLQHGE\
XVLQJWKHIX]]\ORJLFREVHUYHUDUHDGGHGWRVOLGLQJPRGHYDOXHV7KHLQKHUHQWFKDWWHULQJ
RFFXUUHGLQWKHFRQYHQWLRQDOVOLGLQJPRGHFRQWUROOHULVUHGXFHGE\XVLQJWKHVOLGLQJPRGH
FRQWUROOHU ZLWK IX]]\ ORJLF FRPSHQVDWRU 7KHUHIRUH WKH SURSRVHG FRQWUROOHU LV DEOH WR
SURYLGHVXSHULRUSHUIRUPDQFHRYHUWKHFRQYHQWLRQDOVOLGLQJPRGHFRQWUROOHU
)LJ-RLQW¶VYHORFLW\WUDFNLQJUHVXOWVRI'2)SDUDOOHOURERWDLVWKHWUDFNLQJUHVXOWVRISXUH60&ELV
WKHWUDFNLQJUHVXOWVRIFRQYHQWLRQDO)60&ZLWKIX]]\WXQLQJFLVWKHWUDFNLQJUHVXOWVRIWKHSURSRVHG)60&
ZLWKIX]]\FRPSHQVDWLRQGLVWKHYHORFLW\WUDFNLQJHUURUVRISXUH60&HLVWKHYHORFLW\WUDFNLQJHUURUVRI
FRQYHQWLRQDO)60&ZLWKIX]]\WXQLQJILVWKHWUDFNLQJHUURUVRISURSRVHG)60&ZLWKIX]]\FRPSHQVDWLRQ
0RUHRYHULQRUGHUWRKDYHDTXDQWLWDWLYHFRPSDULVRQEHWZHHQFRQWUROSHUIRUPDQFHRI
WKHSURSRVHGFRQWUROV\VWHPDQGFODVVLFDO)60&WKHPD[LPXPWUDFNLQJHUURU0(WKH
DYHUDJHWUDFNLQJHUURU$(DQGWKHVWDQGDUGGHYLDWLRQRIWKHWUDFNLQJHUURUV6'IRUWKH
WUDMHFWRU\DQGYHORFLW\WUDFNLQJDUHVHOHFWHGDVWKHFULWHULRQLQGLFHV,QRUGHUWRVLPSOLI\
WKHLQGH[WDEOHZHMXVWDQDO\]HWKHH[SHULPHQWDOGDWDRIMRLQWMRLQWDQGMRLQWDQGLW
FDQEHSURYHQWKDWRWKHUMRLQWVKDYHWKHVLPLODUUHVXOWV7DEOHJLYHVWKHLQGH[YDOXHVIRU
WKHDERYHPHQWLRQHGPHWKRGV7KHUHVXOWVLQGLFDWHWKDWWKHSHUIRUPDQFHRIRXUPHWKRGLV
EHWWHUWKDQWKHFODVVLFDO)60&7KHSRVLWLRQWUDFNLQJUHVXOWVRIWKH60&ZLWKSDUDPHWHUV
IX]]\ WXQLQJ FRQWUROOHU LV YHU\ VDWLVILHG EXW WKHYHORFLW\ FKDWWHULQJSKHQRPHQRQ LV QRW
DOOHYLDWHGVLJQLILFDQWO\7KHPDLQUHDVRQIRU WKLV LV WKDW WKHXVHRIIX]]\WXQLQJODZIRU
60&JDLQVFDQQRWDFKLHYHDQH[FHOOHQWUHVXOWERWKLQFKDWWHULQJDQGHUURUSHUIRUPDQFHV
VLPXOWDQHRXVO\DV WKH V\VWHP LV VXEMHFW WRDFKLHYHDFRPSURPLVHEHWZHHQ WKH WUDFNLQJ
HUURU SUHFLVLRQ DQG WKH VPRRWK FRQWURO +RZHYHU IRU WKH SURSRVHG )60& ZLWK IX]]\
FRPSHQVDWRU LW LV LOOXVWUDWHG WKDW YHORFLW\ FKDWWHULQJ RI WKH VL[ MRLQWV LV FRQVLGHUDEO\
UHGXFHGWKDQWKHFRQYHQWLRQDOPHWKRGGHDOWZLWKLQWKLVSDSHU([SHULPHQWDOUHVXOWVVKRZ
WKDWWKHSURSRVHG)60&KDVIDVWHUYHORFLW\WUDFNLQJZLWKVPDOOHUHUURUYDOXHVWKDQERWK
FRQYHQWLRQDO60&DQGWUDGLWLRQDO60&ZLWKIX]]\WXQLQJPHWKRG
7DEOH3HUIRUPDQFHFRPSDULVRQRIWKHFRQWUROOHUVIRUWUDMHFWRU\WUDFNLQJFRQWURO
0HWKRGV PD[LPXPHUURU0(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,W LVREVHUYHGIURPLQGH[HV WKDW WKHSURSRVHG)60&KDV WKHVPDOOHVWYHORFLW\HUURU
DPRQJWKHRWKHUFRQWUROOHUVZKLFKSURYH WKHHIILFLHQF\RI WKHSURSRVHGFRQWUROOHU7KH
PRVWVWULNLQJGLIIHUHQFHEHWZHHQ WKHSURSRVHG)60&DQG WKHFRQYHQWLRQDO60&IX]]\
WXQLQJSHUIRUPDQFHVLVWKHRYHUDOOUHGXFWLRQLQYHORFLW\WUDFNFKDWWHULQJ7KLVLVDUHVXOW
RI WKHIX]]\VOLGLQJPRGHFRQWUROOHUFDQFHOLQJWKHQRQOLQHDUFRPSRQHQWVRI WKHV\VWHP
DQGFRPSHQVDWLQJWKHFRQWURORXWSXW7KHSURSRVHGVLPSOH)60&SRVVHVVHVDVWURQJVHOI
DGDSWDELOLW\DQGDOVRKDYHWKHFDSDFLW\WRFRQWUROWKHH[WHUQDOGLVWXUEDQFHVDQGXQFHUWDLQ
IDFWRUV LQ D WLPHO\ DQG HIIHFWLYH ZD\ 7KH IX]]\ VOLGLQJ PRGH FRQWUROOHU LQ WKLV SDSHU
XWLOL]HVWKHIX]]\UXOHVWRVPRRWKWKHVOLGLQJPRGHRXWSXWDQGWKH)60&LVDSSOLHGWRWKH
WUDMHFWRU\WUDFNLQJRIDQDFWXDO'2)SDUDOOHOURERW([SHULPHQWDOUHVXOWVVKRZWKDWWKH
LPSURYHG IX]]\ VOLGLQJ PRGH FRQWURO PHWKRG FDQ HIIHFWLYHO\ LPSURYH WKH SRVLWLRQ DQG
HVSHFLDOO\ WKH YHORFLW\ WUDFNLQJ SHUIRUPDQFH RI WKH V\VWHP ,Q DGGLWLRQ WKH SURSRVHG
)60& DSSURDFK EDVHG RQ IX]]\ FRPSHQVDWLRQ LV TXLWH HIILFLHQW ZKLFK FDQ PHHW WKH
UHTXLUHPHQWVRI UHDOWLPHFRPSXWLQJ DQGGDWD WUDQVPLVVLRQ IRU D'2)SDUDOOHO URERW
7KHIX]]\VOLGLQJPRGHFRQWURODOJRULWKPIRUVXFKSDUDOOHOURERWLVLPSOHPHQWHGRQ'63
DQG FDQ DFKLHYH JRRG WUDMHFWRU\ WUDFNLQJ UHVXOWV ,Q RWKHU ZRUGV WKH SURSRVHG )60&
PHWKRG FDQ EH XVHG LQ UHKDELOLWDWLRQ DSSOLFDWLRQV IRU LWV DELOLW\ WR REWDLQ HIILFLHQW DQG
UHOLDEOHURERWFRQWURODVORQJDVWKHSUHGHILQHGWUDMHFWRU\LVZLWKLQLWVFRQVWUDLQWV
&RQFOXVLRQ
7KLVSDSHUKDVLQWURGXFHGDQHIIHFWLYHPHWKRGIRUFRQWUROOLQJWKH6WHZDUWURERWXVHGIRU
ORZHU OLPE UHKDELOLWDWLRQ :H KDYH LQYHVWLJDWHG WKH FRQWURO RI D SDUDOOHO URERW V\VWHPV
XVLQJ )60& IRU FRQVWUXFWLQJ D VLPSOH FRQWUROOHU LQ SUDFWLFDO UHKDELOLWDWLRQ ,QRUGHU WR
VLPSOLI\WKHFRQWUROOHUGHVLJQLQSUDFWLFDOH[SHULPHQWVWKHIX]]\ORJLFV\VWHPLVXVHGDV
DGGLWLRQDOFRPSHQVDWRUWRWKH60&RXWSXWVIRUSHUIRUPDQFHHQKDQFHPHQWDQGFKDWWHULQJ
HOLPLQDWLRQ &RPSDUHG ZLWK RWKHU FRQYHQWLRQDO )60& DSSURDFKHV IHZHU DQG VLPSOHU
IX]]\UXOHVDUHQHHGHGWRUHDOL]HWKHWUDMHFWRU\WUDFNLQJLQRXUV\VWHP)XUWKHUPRUH WKH
SURSRVHG )60& PHWKRG GRHV QRW KDYH WR DFKLHYH D FRPSURPLVH EHWZHHQ WKH SRVLWLRQ
WUDFNLQJSUHFLVLRQ DQG WKHYHORFLW\ VPRRWKLQJ FRQWURO OLNH PRVW RI WKH H[LVWLQJ)60&
FRQWUROOHUVZLWKWKHLUSDUDPHWHUVRQOLQHWXQHGE\IX]]\UXOHV7KHH[SHULPHQWDOUHVXOWVLQ
WKHDFWXDOHQYLURQPHQWGHPRQVWUDWHWKDWDSSO\LQJWKHSURSRVHG)60&PHWKRGWR'2)
SDUDOOHO URERW LV UHDVRQDEOHDQGYDOLG7KHSRVLWLRQ WUDFNLQJ UHVXOWV DUH UHODWLYHO\FUXGH
EXW VXIILFLHQW LQ WKH SUDFWLFDO DSSOLFDWLRQV ZKLOH WKH YHORFLW\ FKDWWHULQJ FDQ EH JUHDWO\
UHGXFHGFRPSDUHGZLWK WKHSXUH60&DVZHOODV WKHFRQYHQWLRQDO)60&V\VWHPV7KH
SURSRVHG)60&ZLWKIX]]\FRPSHQVDWRULPSURYHVWKHFRQYHUJHQFHRIWKHVOLGLQJPRGH
V\VWHP DQG VROYHV WKH SUREOHP WKDW LW LV HDV\ WR IDOO LQWR WKH FKDWWHULQJ ,W QRW RQO\
DSSURDFKHVWKHFRQWUROREMHFWLYHLQDPRUHHIIHFWLYHZD\EXWDOVRUHVSRQVHVPRUHTXLFNO\
SURYLGLQJDQHIIHFWLYHPHWKRGIRUWKHFRQWURORIWKHQRQOLQHDUREMHFWVVXFKDVWKHSDUDOOHO
URERWV,QWKLVZD\DVWUDLJKWIRUZDUGVLPSOHFRQWURODOJRULWKPDQGUREXVWFRQWUROFDQEH
DFKLHYHGDQGHDVLO\UHDOL]HGLQUHKDELOLWDWLRQSUDFWLFH
+RZHYHUWKHUHDUHVWLOODORWRIUHVHDUFKRSSRUWXQLWLHVDQGSRWHQWLDOSUREOHPVQHHGLQJ
WR EH WDFNOHG LQ WKLV ILHOG )RU H[DPSOH WKH G\QDPLF PRGHO RI GULYH DFWXDWRU ZDV QRW
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
 
FRQVLGHUHGLQJUHDWGHWDLOV$QGDGGLWLRQDOHIIRUWVLQWKHOLPEDFWLQJIRUFHPRGHOLQJDUH
DOVRUHTXLUHG,QWKHIXWXUHLQRUGHUWRLPSURYHWKHUHKDELOLWDWLRQUHVXOWVIRUFHIHHGEDFN
EHWZHHQWKHURERWDQGWKHSDWLHQWVKRXOGEHWDNHQLQWRFRQVLGHUDWLRQ3XWWLQJWKHSRVLWLRQ
IRUFHK\EULGFRQWURO DQG LPSHGDQFHFRQWURO LQWRSUDFWLFH LV DOVR LPSRUWDQW LQ WKLV ILHOG
2QWKHRWKHUKDQGWKHLQWURGXFWLRQRIPRGHUQWHFKQLTXHVVXFKDVWKHIXQFWLRQDOHOHFWULFDO
VWLPXODWLRQELRVLJQDOVDFTXLVLWLRQLQFOXGLQJERWKWKHHOHFWURP\RJUDSKLFVLJQDOV(0*
DQG WKH HOHFWURHQFHSKDORJUDP ((* FDQ DOVRSOD\ DQ LPSRUWDQW UROH LQ DFWLYH WUDLQLQJ
DQG UHKDELOLWDWLRQ URERW FRQWURO)LQDOO\ LQRUGHU WR LPSOHPHQW WKHFRQWURO VWUDWHJLHV LQ
WKH DFWXDO UHKDELOLWDWLRQ URERW PRUH DWWHQWLRQV VKRXOG EH SDLG WR WKH H[WUDFWLRQ DQG
SURFHVVLQJRIELRPHGLFDOVLJQDOVWKHKXPDQPDFKLQHLQWHUIDFHDQGWKHHVWDEOLVKPHQWDQG
RSWLPL]DWLRQRIUHKDELOLWDWLRQDVVHVVPHQWVWUDWHJLHV
$FNQRZOHGJPHQWV
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4XDQ /LX LV D 3URIHVVRU DQG 'HDQ RI WKH 6FKRRO RI ,QIRUPDWLRQ
(QJLQHHULQJ :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ 6KH UHFHLYHG WKH
%(QJ GHJUHH IURP WKH GHSDUWPHQW RI (OHFWURQLF DQG ,QIRUPDWLRQ
+XD]KRQJ(QJLQHHULQJ&ROOHJHLQWKH0(QJGHJUHHIURPWKH
GHSDUWPHQW RI DXWRPDWLRQ :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ LQ
 DQG WKH 3K' GHJUHH IURP WKH 6FKRRO RI 0HFKDQLFDO DQG
(OHFWURQLF(QJLQHHULQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\ LQ
+HU UHVHDUFK LQWHUHVWV LQFOXGH VLJQDO SURFHVVLQJ VLJQDO GHWHFWLRQ
DQG HPEHGGHG V\VWHPV DQG DSSOLFDWLRQV HWF 6KH KDV H[WHQVLYH H[SHULHQFH RI
SDUWLFLSDWLQJ LQDQGFRRUGLQDWLQJ WKHQDWLRQDO OHYHOSURMHFWV LQFOXGLQJ WKHQDWLRQDOKLJK
WHFKQRORJ\UHVHDUFKDQGGHYHORSPHQWSURJUDPRI&KLQDWKHNH\SURJUDPJHQHUDO
SURJUDPDQG LQWHUQDWLRQDO FROODERUDWLYHSURJUDPRIQDWXUH VFLHQFH IRXQGDWLRQRI&KLQD
16)&6KHREWDLQHGQDWLRQDODZDUGVDVZHOODVSURYLQFLDODQGPLQLVWHULDODZDUGV
6KH KDV SURGXFHG PRUH WKDQ  UHVHDUFK SDSHUV LQFOXGLQJ PRUH WKDQ  SDSHUV DUH
LQGH[HGE\6&,DQG(,6KHZDVDZDUGHGDVWKH³1DWLRQDO([FHOOHQW7HDFKHU´LQ
'RQJ /LX UHFHLYHG KLV % (QJ GHJUHH DQG WKH 0 (QJ GHJUHH LQ
,QIRUPDWLRQ (QJLQHHULQJ IURP :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\
&KLQDLQDQGUHVSHFWLYHO\$QGKHLVVWXG\LQJKLV3K'
GHJUHHLQ:XKDQ8QLYHUVLW\RI7HFKQRORJ\)URPWRKH
VHUYHG DV D SRVWJUDGXDWH ZLWK 6FKRRO RI ,QIRUPDWLRQ (QJLQHHULQJ
ZKHUHKHSDUWLFLSDWHGLQUHVHDUFKSURMHFWVLQDUHDVRIIDXOWGLDJQRVLV
DQG VLJQDO SURFHVVLQJ +LV UHVHDUFK LQWHUHVWV LQFOXGH WKH IDXOW
GLDJQRVLVVLJQDOSURFHVVLQJDQGURERWVFRQWURO
:HL 0HQJ UHFHLYHGKLV%(QJGHJUHHDQG WKH0(QJGHJUHH LQ
&RPPXQLFDWLRQ(QJLQHHULQJIURP:XKDQ8QLYHUVLW\RI7HFKQRORJ\
&KLQDLQDQGUHVSHFWLYHO\$QGKHLVVWXG\LQJKLV3K'
GHJUHHLQ:XKDQ8QLYHUVLW\RI7HFKQRORJ\)URPWRKH
VHUYHG DV D SRVWJUDGXDWH ZLWK 6FKRRO RI ,QIRUPDWLRQ (QJLQHHULQJ
ZKHUHKHSDUWLFLSDWHG LQUHVHDUFKSURMHFWV LQDUHDVRIUHKDELOLWDWLRQ
URERWVDQGELRVLJQDOVSURFHVVLQJ:HL0HQJ LV WKHDXWKRURIRYHU
 DFDGHPLF MRXUQDO DQG FRQIHUHQFH SDSHUV +LV UHVHDUFK LQWHUHVWV
LQFOXGHWKHKXPDQ±URERWLQWHUDFWLRQUHKDELOLWDWLRQDQGDVVLVWLYHURERWVFRQWURO
=XGH =KRX UHFHLYHG KLV %(QJ GHJUHH IURP WKH 'HSDUWPHQW RI
(OHFWULF3RZHU(QJLQHHULQJRI+XD]KRQJ,QVWLWXWHRI7HFKQRORJ\LQ
 )URP  WR  KH FRQWLQXHG KLV IXUWKHU VWXGLHV DQG
UHVHDUFKHV DW WKH 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ LQ WKH
8QLYHUVLW\RI%LUPLQJKDP8.+HLVWKH&KDLU3URIHVVRURI6FKRRO
RI 0HFKDQLFDO DQG (OHFWURQLF (QJLQHHULQJ :XKDQ 8QLYHUVLW\ RI
7HFKQRORJ\ DQG WKH'LUHFWRURI+XEHL'LJLWDO0DQXIDFWXULQJ.H\
/DERUDWRU\&KLQD+HLV WKH&RXQFLO0HPEHURI WKH&,53DQGWKH
6HQLRU 0HPEHU RI $PHULFDQ 6RFLHW\ RI 0HFKDQLFDO (QJLQHHUV +H KDV EHHQ DZDUGHG
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PRUH WKDQ  1DWLRQDO 0LQLVWHULDO RU 3URYLQFLDO SUL]HV LQFOXGLQJ  6HFRQG 3UL]H RI
1DWLRQDO 6FLHQFH DQG7HFKQRORJ\ 3URJUHVV$ZDUGV DQG )LUVW 3UL]HRI 0LQLVWHULDO RU
3URYLQFLDO $ZDUGV 3URI =KRX KDV DXWKRUHG RU FRDXWKRUHG  DFDGHPLF ERRNV DQG
SXEOLVKHGPRUHWKDQSDSHUVLQDFDGHPLFMRXUQDOVDVZHOODVSURFHHGLQJV+HDOVRKDV
EHHQJUDQWHGPRUHWKDQQDWLRQDOLQYHQWLRQSDWHQWV'XULQJWKHUHFHQWILYH\HDUVKHKDV
GLUHFWHGPRUH WKDQ IXQGHG UHVHDUFKSURMHFWV+LVPDLQ DUHDVRI H[SHUWLVH DUHGLJLWDO
PDQXIDFWXULQJQXPHULFDODQGQHWZRUNHGFRQWUROV\VWHP
4LQJVRQJ$LUHFHLYHGKLV06DQG3K'GHJUHHVIURPWKH:XKDQ
8QLYHUVLW\ RI 7HFKQRORJ\ &KLQD LQ  DQG  UHVSHFWLYHO\
)URP  WR  KH ZDV D YLVLWLQJ UHVHDUFKHU DW WKH )DFXOW\ RI
(QJLQHHULQJ8QLYHUVLW\RI$XFNODQG1HZ=HDODQGDQGZRUNHGRQ
WKH SURMHFW RI PHGLFDO URERWV )URP  KH ZDV WKH $VVRFLDWH
3URIHVVRUDWWKH:XKDQ8QLYHUVLW\RI7HFKQRORJ\'U4LQJVRQJ$L
LV WKH DXWKRU RI RYHU  WHFKQLFDO SXEOLFDWLRQV SURFHHGLQJV DQG
HGLWRULDOV ,Q UHFHQW \HDUV KH KDV GLUHFWHG  UHVHDUFK SURMHFWV +LV
UHVHDUFK LQWHUHVWV LQFOXGH VLJQDO SURFHVVLQJ PHGLFDO URERWV DQG
DGYDQFHGPDQXIDFWXULQJWHFKQRORJ\
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